1  ~  AD- A 126  990  LARGE  AMPLITUDE 
|!  DEPT  OF  PHYSICS 
J  AFOSRTR-83-026 

i  UNCLASSIFIED 

ION  WAVE S ( U 1  DARTMOUTH  COLL  HANOVER  N 
AND  ASTRONOMY  J  E  WALSH  19  NOV  82 

B  AFOSR-77-3410 

F/G  20/7 

H  1/ 

NL 

*♦ 

■ 

1 

| 

i 

— 

i 

1 

-- 

1 

^■1 

^■B 

MICROCOPY  RESOLUTION  TEST  CHART 

HAT,0NAl  B'JREA^  or  STANDARDS- '963 


Q 


UNCLASSIFIED 


//? 


SECURITY  CL  ASSlFtC  ATIOK'  OR  Tms  P*GE  rWh  «n  Dmf  Entered) _  /  /  _ 

REPORT  D0CUMENTAT10M  PAGE  r  befoI^covplr^fdrm 

TTT^  n  _  _  [2.  GOVT  ACCESSION  NO.]  3  RECIPIENTS  C«t*lOO  NUMBER 


WOSK-tR.  8  3-  0266  I 


4.  TITLE  (and  subtitle) 

LARGE  AMPLITUDE  ICN  WAVES 


5.  TYPE  OF  REPORT  4  PERloa-COV  ERE3 


S.  PERFORMING  ORG.  REPORT  NUMBER 


[7.  authors; 


John  E.  Walsh 


a.  contract  or  grant  number^ 


4ZS& 


77-3410 


fa.  PERFORMING  organization  name  and  address 


10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  &  WORK  UNIT  NUMBERS 


Dartmouth  College,  Hanover,  K.H.  03755  2301/A8 

II.  CONTROLLING  OcPICE  NAME  AND  ADDRESS  12-  REPORT  DATE 

AFOSR/NP  November  19,  1982 

Bolling  AFB,  Bldg.  #410  “  numeer  ce  pages 

_ Washington,  D.C.  20332 _ 2A%r  'X. _ 

TT  MONITORING  AGENCY  name  A  AOORESSf//  dittermt  trorr.  Conlrolllni  Othcll  >5  SECURITY  CLASS  (si  this  repo r:) 


unclassified 


15 s.  DECLASSIFICATION  DOWNGRADING 
SCMEOJLE 


[16.  DISTRIBUTION  STATEMENT  (of  thte  Report) 


Approved  for  public  release  f 
distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (ot  the  abstract  entered  in  Block  20,  It  aifferert  from  Report) 

Approved  for  public  release;  distribution  unlimited 


18.  SUPPLEMENTARY  NOtES 


19.  KEY  WORDS  (Continue  on  reverte  aide  if  naceeaary  and  identity  by  block  number) 

Millimeter  Wavelength  Radiation  Sources,  Cerenkov  Radiation, 
Cerenkov  Masers 


o. 


&■>  v 


20.  ABSTRACT  ( Continue  on  reverse  aide  If  necessary  and  tdentifv  b»  block  number) 

>  Cerenkov  Masers,  which  are  mildly .relativistic  (100-200  KV) , 
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maintain  good  beam-to-wavev-coupling  in  the  mm  r$nge,  while 
also  maintaining  convenient  transverse  resonator  dimension. 

A  variety  of  configurations  and  modifications  are  considered 
and  discussed  in  detail.  All  experimental  results  presented 
pertain  to  oscillator  configurations  of  the  basic  device. 

The  basic  interaction  can,  however,  be  used  as  the  basis  of 
an  amplifier  and  a  theoretical  analysis  of  such  a  device  is 
presented. 
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I .  Introduction 

This  is  a  final  report  of  work  carried  out  under 
USAF/OSR  Contract  #77-3410  during  the  period  June,  1977  through 
January,  1982.  The  research  was  originally  devoted  to 
problems  associated  with  large  amplitude  ion  waves  and  was 
under  the  direction  of  Professor  Richard  F.  Ellis,  who  was 
at  that  time  a  member  of  the  Department  of  Physics  and 
Astronomy  at  Dartmouth  College.  When  Professor  Ellis  left 
for  the  Lawrence  Livermore  Laboratory,  the  research  was 
re-directed  into  the  field  of  high  power  microwave  generation. 
Research  carried  out  under  the  earlier  direction  is  listed 
but  not  discussed  in  detail  in  this  document.  This  report 
deals  largely  with  the  high  power  microwave  research. 

The  principle  result  has  been  the  attainment  of 
multi-hundred  KW  levels  of  output  power  in  the  middle  mm 
wavelength  region  of  the  spectrum.  This  has  been  accomplished 
with  a  mildly  relativistic  electron  beam-dielectric  resonator 
combination.  All  of  the  work  contained  in  the  remainder  of 
this  report  is  devoted  to  one  or  another  aspect  of  these 
Cerenkov  radiation  sources.  Recent  experimental  results  are 
contained  in  the  paper  by  S.  Von  Laven,  et  al . ,  which  has 
also  appeared  in  Applied  Physics  Letters,  (41(5),  408  (1982). 

Other  papers  contained  herein  address  theoretical 
matters  and  variations  of  the  basic  device,  which  could  prove 
important.  Among  these  I  might  mention  in  particular  the 
Cerenkov  amplifier  calculations  of  Capt.  D.  Wise.  Experimental 
verification  of  some  of  the  predictions  contained  in  that 
section  have  now  been  completed. 
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V>r*  supported  by  US  DoE  Contract  EY-76-C -02-3073. 

*V.W.  Lee,  Y.T.  Kv..-,  end  E.  Okuda,  Phys.  Fluid*  21,  617 
(1976) . 

5H9  Numerical  Stud'1  of.  Kinetic  Tearing  Modes.  J.  C. 
WHlTSftN,  f .  T.  TSAM  and  .‘.LIUS  SMITH,  ■ir?.L.T~~-:-ar,r.9 
nodes  are  perturoations  with  even  ^na  odd 

where  x  is  tr.e  distance  measured  from  the  ratio'*! 
Magnetic  flux  surface  cor.terred  Classical  tearing  -ode 
eigenmode  equations  are  derived  fro.*  the  fluid  rdment/m 
balance  equation  and  Ohm's  law  Si-niiar  equations  ca'-.  oe 
derived  from  tre  drift  k:retic  e  dition  a -c  Ampere's  law 
taking  into  account  diamagnetic  drift,  finite  ior.  gyro- 
radius  and  kinetic  dissipative  effects.  These  equations 
are  the  same  equations  used  in  study  of  electromagnetic 
drift  waves,  however,  the  boundary  conditions  are 
different.  Kinetic  tearing  eigenstdes  must  match  to 
Ideal  MHO  solutions  ojtside  tha  tearing  layer  instead  of 
vanishing  away  from  the  rational  Surface,  <te  Stacy  the 
stability  of  kinetic  tearing  modes  numerically  under 
various  conditions:  col  1  isic-iless,  coillsional  and  with 
trapped  electrons.  Similar  to  the  electromagnetic  drift 
waves,  there  are  two  oranenes  of  tearing  modes:  the 
drift  branch  and  the  snear  AlfvSn  cranen.  In  the  colli¬ 
sionless  case,  only  the  snear  Alfvdn  oranch  can  be 
destabilize.,  uy  a  ii.iite  _  . 

h 

Operated  oy  Onion  Carbide  Corporation  under  contract 
U-74u5-eng-2o  witn  tne  d.  S.  Department  of  energy. 

5R 10  Pitch  Angle  Scattering  Model  in  Electromagnetic 
Orift  Wave  Calt,Tatioi~.  JULIUS  K.  7.  'SAhu  and 

J.  C.  i'hITSOlt,  OSKL.*-"-The  simplest  way  to  treat  colli¬ 
sion  in  drift  wava'calculations  is  by  a  number  conserving 
Krcak  modal  with  a  constant  collision  frequency.  It  Is 
now  known  that  this  model  is  always  stable  in  electro¬ 
static  or  electromagnetic  calculations.  It  is  then 
necessary  to  test  the  sensitivity  of  this  result  to  the 
collision  model  used.  Since  the  pitch  angle  scattering 
model  is  the  next  simple  colhsional  model  availaole,  we 
develop  a  numerical  procedure  to  provide  the  perturDed 
electron  response  subject  to  pitch  angle  scattering. 

This  is  then  fed  intu  tne  electr imagnetic  drift  wave 
eigenmode  solver  to  determine  the  stability. 

* 

Goerated  by  Union  Carbide  Corporation  under  contract 
W-74C5-eng-25  with  the  U.  S.  Departnent  of  Energy. 

5R11  Nonlocal  TI.<u:->  of  Prift  Waves.*  D.  KELLY, 

Y.  C.LEt,  A.  3.  0.  i-IULD,  UCLA --Our  earlier 

study1  of  drift  wives  in  ihcarless  plas.nu  sheaths  having 
density  gradient  length,  L,  comparable  to  the  ion  cy¬ 
clotron  radius  r  x  used  a  differential  equation  approx¬ 
imation  to  tii**  ir.ttfj-rLi - i. if ircntiai  iiuntiun  satisfied 
by  the  electrostat *.c  pt^ntial.  he  hue  new  exuar.ined 
the  properties  of  the  fall  equation,  caking  advantage 
of  the  fact  that  the  integral  operator  involved  has 
Herraite  polynomials  as  c.jenf unctions  in  the  small  fre¬ 
quency  (o  <<  and  saill  transverse  wavenumber 

ic  *  ^irci  i-  regixs.  Lx*'an*,iun  in  Hcmite  poly¬ 
nomials  aiid  truncation  of  the  resulting  infinite  set  of 
equations  yields  the  uavefunct ioa-  and  associated  grovth 
rates  of  the  ion  acouj  tic  type  n.jaes  as  functions  of 
«  •  Tj/1  ,,  -  Kpr,.-  and  c.  As  an 

example,  we  find  r nr  =  i~  T^T;,  3  0.1,  «  iO,  and 

c  *  0.1,  that  the  c. gen frequency  is  given  by 
w  *  (0.71  ♦  ,  where  c.  =  ^Te/a».)'-. 

•Work  supported  by  NSE  and  DOE. 

‘Bull.  APS  U,  1121  ;19761 . 

5R 1  ?  Time  Evolution  the  Linear  Drive  Wave  Insta¬ 
bility  Obtained  r  r  : r.  a  •  1 :» t  o g ri\  1  Ecu  t  i on .  *  G.  Knorr4-, 
ORXL  —  The  VL.sov  equations  are  -licten  in  a  coordinate 
•yatam  tailored  to  iht.  .beared  magnetic  field,  linearized 
and  integrated  .slant  t.-.v  .  bars  teri  t;  ta.  Tv  •’  r  t-  ntial 
and  tr.e  district  lone  -:e  ..,io  spatial  -■  Ls  to 

prod  are  i  set  of  cn-pivd  toLterr^  integral  eiuat  i.oti3. 

The  off  diagonal  elements  are  due  to  magnetic  shear  and 


finite  Larmor  radius,  which  cay  be  large .  ihe  influence 
of  increasing  shear  on  convective  and  absoLute  ir stabil¬ 
ities  and  the  ei  *err.ode  structure  a:  tie  potential  1? 
discussed  for  dirterent  equilibrium  density  ptotLles. 

♦Research  supported  in  part  bv  the  Department  or  Lr.tr gy 
under  contract  EY-76-S-02-2059 . 

^Permanent  address:  Department  of  Physics,  University  of 
Iowa,  Iowa  Cicy,  leva  52242. 

“I<  1.1  Ccripari-SOfi  of  and  Itor.-Lcnal  Models  .1 

Predictiro  Stipility  cl  Collis-onal  Drir  •  v.  s .  * 

B.£.  nabde::#  ..k.  Lille**  ar.d  Li.  wal.-u.  "  -jh 

Ctriiocg.  —Theoretical  l^naity  profiles  are  .r.  a 

ccr.^arxson  of  rhe  local  slab  raodei  and  >*>*.:;  a  iocii  and  a 
non-local  cylindrical  model  for  :h*>  ccliisional  :rrft 
-jic cahility.  We  represent  the  density  p.-ofiles  by 
a  *  oxpf- (r/r0)*j  w^tn  p>  2.  This  chtioe  allows  not  only 
a  fit  to  a  Cavss-m  profile  b  it  accounts  Lr  sce.yt-r  tri  i 
.tore  localized  (gradients  as  well.  trL»3t  t:..?  les 

exactly  in  the  :.or.«* local  nouel  and  arproxtntit.e  z'r.ir  i; 
Gaussiarxs  in  the  local  model  and  demonstrate  tne 
cf  the  Gaussian  approximation  fur  the  stjerer  r-rt  file 
A  discussion  of  stnbi  li  ty ,  which  tne  luce «  tr.-  ef  •  .  its  «r  * 
zeroth  order  radial  and  axial  electric  will  ce 

given.  The  slab  model  is  found  to  differ  sicnfi:a..t L/ 
frer.  both  tyr..o  cylindrical  models  in  oroaict-r.g  gro/tii 
rate  as  a  function  of  azimuthal  n*ode  number,  r  ,  v.j 
reasons  for  this  ..ill  be  presented. 

•Work  supported  purt  by  F.nci Cnvporaci  r .  ar.*i  'J2M'/ 
OSR  Grant  #77-1-110 

••Present  iddresr. ;  Y  Division,  Lawrenze  Livermore 
Laboratory,  Livermore,  CA  3455C 

31*14  Phase  Integral  Calculation  cf  DCLC  ._Irstn- 
bilities.  WILL IA!!  M.  SH,V LP  ari  iil.RitKT  L.  ZZfK,  1. awrer.ee 
aerkelf-y  Labrracory*  —  Standard  WKB  methods  tor  -.re.-*:  ir.^ 
the  effect  of  magnetic  shear  on  the  drift  cyr.lutron  loss 
cone  (DCLC)  mode  are  limited  to  weakly  sheared  jlasnst* 

We  discuss  a  note  y^nerai  phase  integral  technique,  for 
finding  aigenf requencies  cf  a.  integral  dispersion  equa¬ 
tion  and  use  the  method  to  analyze  DCLC  node  ■’tc.bility 
in  a  finir.e-8  plasma  slab  with  strong  c.agnetic.  shear. 

*  Research  supported  by  the  U.  S.  Department  of  energy, 

5R15  Effect  of  l.owt,’-  hybrid  W'aves  tv  Dr  Lit  1p-;ci- 
b  i  1  i  l  ies .  S.  C.  THIV,  v‘.  3.  CHAN’ ,  and  J.  .  Ilsiy 
General  Atomic  €■'*.* — We  consider  the  no  -is ib i  1 1 1 :  .-*f 
drift-wave  stabi  ’  -  cat  ion  jv  lower-hybriJ  wa-.v.  rL-in. 
into  account  the  effect  of  finite  punp  wave l unit.,  i  :i 
L^.:T;jr  udius,  anJ  a  modi  lied  expression  .*  r  rne  r  n- 
jeTv-r.iot ivc  potential.  These  load  to  aifferont  fre¬ 
quency  shifts  and  growth  or  decay  rates  from  prtv:  '•» 
works.  Conn  irisvn  with  exper l.v^rs  ind  po>( le 
it:  I  :  L ion.s  to  drift  turbulence  are  dts.  ussus. 

♦.Sup;*  Tied  :y.  D>  .  intraot  fA-  o-C-0  5-0»  67 ,  i'rujecr 
f\gr cement  Nu.  ,b. 
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3S 1  Cunpar  i  • _ '  or  a  Hydrogen  and  a  Pt*  .tor: •  ■-_?  1  sr a 

in  a  Mul  c  ldi-iol-j  y.stcm.  L.  3.  MARNhXLl.,  K.  N.  f"’*  • ,  * 
and  R.  E.  •  HiBn.*,  Jar.ey  Mad_l  son  Un  i  .'ers  i  •  --Hydrogen 
and  de*iterivEJ*  plaoas  are  generateu  in  a  ^0  '  iter  r  /.  r. 
dipole  device  bv  *■: J  e'.'  electrons  emitted  from  tc-ist-r. 
filaments.  Iho  system  Is  surrnurded  external1-  b\  c  - 
ramie  magnets  (Q~  x  -1.7  kGI  arranged  in  3  full-line 
/  cusp  geometry.  ue  racial  icn  saturatiwu  current  pre- 
files  show  that  vlv  a  small  amount  of  ion:;  are  i'-t  :n 
between  the  line  cusos.  Bv  using  a  nas«-sreci:um  na- 
lyzt-r,  it  is  found  that  the  percentage  of  atomic  end 
molecular  ions  pvc.--.ni  in  both  plasmas  are  approximated 
the  same.  From  the  measured  plasma  densities  ur.a  e '***•- 
*  ron  :  m;- :  nr-sre  *  »  le.k.i.'  vice'.  r'  t*-.«  1  j- 
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Subject  Category  Number 


Backscattering  from  Electron  Beam-Dielectric 
Resonator  Combinations.  J .  E .  WALSH ,  G .  CREW ,  Dartmouth 
College.* — A  hybrid  combination  of  stimulated  Cerenkov 
anti  Raman  Scattering  processes  can  be  used  to  produce 
coherent  radiation.  The  relation  between  the  frequency 

of  an  incident,  w  ,  and  a  scattered,  w  ,  photon  is: 

P  s 

u  /id  =1(1+  Bn)/(1  -  Bn)  I  (1) 

s  p 

where  B  =  v/c  and  n  is  the  index  of  refraction  of  a 
dielectric  resonator.  Equation  (1)  is  valid  both  above 
and  below  the  Cerenkov  threshold.  The  apparent  sing¬ 
ularity  at  Bn  =  1  will  be  controlled  either  by 
electron  recoil  or  dispersion  of  the  medium.  When  an 
electron  beam  is  used  four  parametric  processes  are 
possible.  The  gain  for  each  is  similar  and  is  given 
by: 

T  -  2(n2/Y3)'*  Bp^s«b  /(Bn  +  1)  ,  (2) 

where  Bp  is  the  pump  induced  velocity  modulation  and. 

°b  is  beam  plasma  frequency. 

*Work  supported  in  part  by  U.S.  Army  Grant  #DAAG39-78- 
C— 0032  and  in  part  by  AFOSR  Grant  #77-3410 
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A  Cerenkov-Raman  Radiation  Source.  K.  BUSBY, 

K.  FELCH,  R.W.  LAYMAN,  J.E.  WALSH,  Dartmouth  College.* 
— Stimulated  Raman  Scattering  from  an  electron  beam  in 
a  dielectric  medium  shows  a  number  of  interesting  and 
potentially  useful  features^-.  In  a  dielectric  the 
particle  velocity  can  exceed  the  speed  of  light  and 
hence  there  are  two  possible  dispersion  curves  along 
which  energy  and  momentum  can  be  conserved.  Further¬ 
more,  in  the  neighborhood  of  the  Cerenkov  velocity 
threshold  very  large  Doppler  shifts  can  be  obtained 
and  thus  this  interaction  can  be  the  basis  of  a  short 
wavelength  radiation  source. 

In  order  to  test  the  potential  of  such  a 
device  an  experiment  which  uses  a  mildly  relativistic 
electron  beam,  a  dielectric  resonator,  and  a  rippled 
magnetic  field  for  a  pump  wave  has  been  constructed. 
The  transverse  component  of  the  magnetic  field  is 
approximately  300  G  which  implies  an  effective  pump 
wave  intensity  of  20  MW/cm2. 

With  beam  voltages  between  100  -nd  200  KV  and 
beam  currents  in  the  10A  range,  operation  in  the 
lower  and  middle  part  of  the  mm  wave  length  region  of 
the  spectrum  is  anticipated.  The  performance  of  the 
device  will  be  discussed. 
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Stimulated  Raman  Scattering  from  Electron  Beams 
in  Dielectric  Resonators.  K.  BUS3Y,  K.  FELCH,  R.W. 
lAYMAN,  J.E.  WALSH,"  Dartmouth  College.* — The  addition 
of  a  dielectric  resonator  to  an  electron  beam  Raman 
scattering  experiment  can  dramatically  shorten  the  wave¬ 
length  of  the  output  radiation.  Well  above  the  guide 
cutoff  frequency  the  output  wavelength  X  is; 

“  *p  (1  -  eon)/6o 

where  Xp  is  the  pimp  ripple  length  and  B0  is  average 
electron  beam  velocity.  A  conbination  Cerenkov- Raman 
scattering  experiment  has  been  designed  to  test  this 
reduction.  We  use  a  tubular  dielectric  resonator  and  a 
rippled  magnetic  field  as  a  pump  field.  The  effective 
intensity  of  the  pimp  field  is  approximately  20  MV/cm^. 
This  together  with  electron  beam  voltages  and  currents 
of  100-200  KV  and  10  A  respectively  will  lead  to  stimu¬ 
lated  Cerenkov- Raman  growth  lengths  of  .2-. 5  cm~l.  The 
device  performance  will  be  discussed. 
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C-0032  and  in  part  by  U.S.AF0SR  Grant  #  77-3410 
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Raman  Backscatter ina  From  Electron  Beam- 
Dielec  tr  icResonatorl.  J.E.  WALSH,  D.  ARION ,  K. 
BUSBY,  and  K.  FELCH,  Dartmouth  College.* — It 
has  been  demonstrated  experimentally  and  shown 
theoretically  that  the  addition  of  a  tubular 
dielectric  resonator  to  a  conventional  electron 
beam-Raman  backscatter ing  experiment,  results 
in  a  reduction  of  the  energy  required  to 
produce  radiation  of  a  given  wavelength.1  The 
magnitude  of  the  reduction  will  depend  upon  the 
filling  factor  and  the  relative  dielectric 
constant  of  the  loading  material.  It  is 
therefore  possible  to  use  modest  (100-200  KV) 
electron  beams,  a  dielectric  resonator,  and  a 
static  magnetic  field  pump  to  achieve  the 
kinematic  conditions  required  for  operation  in 
the  submillimeter  region  of  the  electromagnetic 
spectrum.  Several  problems  associated  with  the 
goal  of  producing  a  relatively  compact, 
coherent,  tunable  submillimeter  source  will  be 
discussed,  including  beam  quality  requirements, 
beam  to  resonator  coupling,  and  gain. 

Supported  in  part  by  US  AFOSR  Grant  #77-3410. 
^K.  Busby,  K.  Felch,  R.W.  Layman,  and  J.E. 
Walsh,  1979  IEEE  COPS — Conf.  Record,  pg .  107. 
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Generation  of  Millimeter  Microwaves 
Using  the  Cerenkov  Interaction.  K.  Felon,  K. 
Busby,  JjE.  Walsh,  and  R. W.  Layman,  Dartmouth 
College.  — Earlier  experiments  involving  the 
Cerenkov  interaction  between  a  relativistic 
electron  beam  and  a  dielectric  loaded  waveguide 
yielded  6  mm  microwaves.  These  experiments 
indicated  that  microwaves  of  significantly 
shorter  wavelengths  might  be  possible  using  the 
same  procedures.  The  present  experiments 
extend  the  previous  attempts  into  the  3  mm 
range.  Methods  by  which  shorter  wavelengths 
are  achieved  using  the  Cerenkov  interaction  and 
the  short  wavelength  limit  of  such  techniques 
will  be  discussed.  Results  of  the  latest 
experimental  investigations  will  be  presented. 
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Growth  of  a  Coherent  Drift  Instability  In  a 
Weakly  Ionized  Argon  Plasma.*  B.E.  MARDEN-MARSHALL, 

R.F.  ELLIS**  and  J.E.  WALSH,  Dartmouth  College. —  A 
nonlocal  cylindrical  model,  using  arbitrary  density  pro¬ 
files,  is  used  to  predict  frequency,  growth  rate  and 
radial  shape  of  the  collisional  drift  instability.  The 
effects  of  an  arbitrary  radial  electric  field  are  inclu¬ 
ded  in  both  the  electron  and  ion  fluid  equations  and  are 
found  to  be  destabilizing.  Comparison  is  made  with  a 
weakly  ionized  argon  plasma  for  which 
n  ~  10 10  cm"3  B  ~  1  -  2KG  Te~  2eV  p0~  ImT 
Experimentally,  wave  onset  occurs  when  a  positive  DC 
bias  is  placed  on  a  grid  which  separates  the  source  re¬ 
gion  from  the  strong  magnetic  field  region  of  the  linear 
plasma  device^.  This  bias  is  believed  to  sever  the 
stable  source  region  from  the  inherently  unstable  strong 
field  region,  thereby  allowing  the  waves  to  grow.  By 
pulsing  the  grid  we  can  trace  the  evolution  of  the  wave 
shape,  radial  profiles,  and  system  parameters  as  the 
instability  grows. 

*W.  Gekelman  and  R.  Stenzel,  R.S.I,  4_6,  1386  (1975). 
*Work  supported  in  part  by  Research  Corporation  and 
USAF/OSR  Grant  #77-3410. 

**Present  address:  Department  of  Physics,  University  of 
Maryland,  College  Park,  MD  20742. 
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integrated  to  stud/  the  jionalc*is  transport.  The  rt'ro- 
nant  particle  uitt'usion  i»  investigated  and  rs  also 
compared  with  the  results  from  the  stochastic  theory. 

•Work  supported  by  the  L*.5.  Depar errant  of  Energy 
Contract  UL-ACofj-TotT  35u.>o. 

lW.  Horton,  Nucl.  Fusion  20,  odlil^SOj. 


:s: 

Triplet  Interact lor.a  for  tag  rorcia.il  Ion  Pressure  un- 
dient  Drift  Mode*  h end e 1 1  Hcrt n n . University  of  Texas  at 
Austin.  --Interaction  triplets  k-’* ,  :p<^;  with  '~lit 
are  analysed  for  the  balloon  in t  i or.  pressure  gradient ^ 
with  growth  rate  "v^ski  2^^ ( 1  ■*■***  i  ar.a  phase  veloci¬ 
ty  Uj^l-  vl+ri)k"  which  EvB  convection  produces. a  cen- 
servative  node  coupling  proportional  to  As!jkj"k2*-*£ach 
triplet  is  equivalent  to  a  SD  oscillator  system  with 
constant  energy  and  a  volume  perjerving  flow.  (.Coherent 
and  stochastic  solutions  are  found.  Motivated  bv  the 
small  amplitude  expansion  solution,  a  symmetric  triplet 
is  found  for  which  tre  system  reduces  to  •»!».  The  naxj- 
mujr  ajnplitudes  are  given  bv  •  ** 4tn(l*r: '•  'ky  and 

I  6pvl  a/2  (l*n.)/k..  The  4D.  voiuac  coneervir?  system  is 
analyzed  for  regular  and  stochastic  solutions  in  analo¬ 
gy  with  the  Henon-Heiies  problem. 

*W.  Horton,  D.I.  Choi,  W.M.  Tang,  ’’Toroidal  Drift  Modes 
Driven  by  Ion  Pressure  Gradients"  submitted  to  Physics 
of  Fluids. 

•This  work- is  supported  by  the  U.S.  Department  of  Ener¬ 
gy  Contract  DF.-AC05-"6ET  53056. 


2S  3  Growth  of  a  Drift  Wave  Due  to  an  RF-Field  In  a 
Magnetized  Plasna.  A.  J.  A:,ASTAG5I*Dl5  ard  C.  t. 

XA P L A N DERIS.  Plasva  1  ab.t  Research  Center 

Derokritos,  Athens,  Greece- -^e  » v  e  studied  a  drift  wave 
Instability  in  a  magnetized  argon  plasma  due  to  an  ex¬ 
ternally  applied  RF-field.  The  plasma  is  produced  in  a 
coaxial  wave  guide  by  RF-power.  The  magnetic  field  is 
applied  in  tKe  direction  of  the  ccaxiai  waveguide  axis. 
The  radial  gradient  of  tne  RF- field  ca-ces  an  azimuthal 
electron  drift  depending  on  the  radial  distance,  the  RF 
power  and  the  el ectronr neutral  collisions.  Cur  plasma 
parameters  are  n0  vlCircm  »  ^2-  x2.v  GHz,  P  varies 
from  10*3 to  i(j-rj  torr,  Te  var'es  from  30,000  -X  to 
90,000  °K,  and  RF-power  varies  from  20  to  120  watts. 

The  drifting  motion  of  e1  ezt-'crs  is  rouD*e>i  with  the 
Ion  motion  resulting  to  a  .drift  wave  instability.  Our 
theoretical  model  predicts  frequencies  near  the  angular 
frequency  ft  of  the  azimuthal  drift  motion  of  electrons 
and  its  harmonics,  i.e.,  '=1,2,3,...  A  phase 

reversal  of  tne  wave  is  predicted  too  as  tre  -roe'* 
hybrid  frequency  varies  fro-  values  lowe**  than  the 
RF-frequenc/  to  higher  ones.  Both  lisoersiun  relation 
and  phase  reverse  for  venous  electron  arift  velocities 
have  been  verified  experimentally. 


2$  4  Fxperim--nt.nl  In v-  yt  i  vat_i'n  /_  I  i  *  i  ■»  l_j»n& 
Collision loss  hr.;_  J-  •••'.<  ly  y  y  .'  .'/j. :» '  I  !_i y .  *  >' .  R . 

ALLEN  and  .u .  YA  s-'/'A.  f  i.i*- »  :  .  -  ,  'a  • . ,  ?'  r  i  n  c  o  t  or 

The  Impurity  driven  drift  it-  i '  •>  ‘-I  -..i'v-..r«-  has 

now  been  ldent;f!ed  and  :xii:.*:vel-  invest i  gated 

in  both  the  -r>\  1  i>i r.  nd  ■  jL  *.  isi.r.Jess  reelr.es.  Trie- 
linear  charao'en i .  :  ?h<  .~’i  tlitv  in  I  .;h  re¬ 

gimes  are  described  rv  ;  '  oca  1  kir-.'ti.  t he  - c  .•  ir.clud;  nc 
collisions.  In  tre  c«  1  i  i=  Jor.lesn  where  several 

azimuthal  mcic«  arc  festr.t,  footer  zrovinr  Msh-a 
modes  are  nb^  -^ed  to  rru^ie  -with  b'avslv  i  snood  lov-ra 
modes,  transferring  energy  to  a  no s:  rh  difference 
frequency.  Tht  ccllisioral  in*-*.  i  ilitv  is  observed  _o 
drlw  strong.  racial!-/  r  1  .-^s  diffusion  rs 

it  saturates  at  an  amplitude,  ■*  'n  -  lot. 


2S  5  The  Drift  Inst  ?  bi  1 1  ty  in  e  y  cr.ur.  i  f  o I  •  -  ~  tat  f  ■ 
Plasma  Cylinder.*  L.  MABI)£N-yAB5HALL«* ,  k.r.  FLUS«** 
and  J.F..  WaLST,  D-»rt3C*Jth  College. --The  collisions! 
drift  ins  tab  III  ty vT.V cVT'l  s  n  s  ervei  in  a  weakly 
Ionised  areor  plasmi  with 

n  +*  10*,''cTn”  ^  Ie  ~  2eV  PQ  LtTorr  B  2kT 
la  ccrrpared  to  a  cvlirirlcal  t*n-fluid  model  vr-tnh 
allows  for  arbitrary  density  profiles  and  a  sheared 
rotation  of  the  plasma.  Tha  drift  waves  are  pulsed  on 
and  off,  and  the  evolution  of  the  radial  wave  arc  den¬ 
sity  prefiles  docunertei.  The  e.-irlv  st  :<*s  '  .tc  tb 

represent  a  linear  regiita;  r.ere  experimental  roeas-ire- 
ments  cf  real  fre.quencv,  growth  rote  and  radial  wave 
shape  are  road  a  for  cirparison  with  the  linear  theor  . 
Results  indicate  that  rigid  be  .v  and  sheared  c:lum 

rotation  Dcppler  shift  the  real  rrequer.cv,  tr.at  both  are 
destabilizing,  but  f.at  naitr.er  has  a  noticeable  effect 
on  the  shape  or  localization  of  the  radial  eaenreie. 
•Work  supported  in  part  by  Research  Corpcrati-?n  sr.d 
USAF/OSR  CR.\Si<#77-?-.3. 

••Present  address:  T-^oartment  of  °hysics,  Wellealev 
College,  Wellesley,  02181. 

•••^resent  address:  .-epartr.ent  of  Pnvslcs,  Univarsit” 
of  Maryland,  College  Park,  MD  2-07A2. 


25“  Ion  Ter.perature  Gradient  Modes  in  Torotda  1 

Geometry.*  C.  2.  CiiENC,  Princetoti  and  K.  T.  Tl'.Ah”. 

C.  0.  BEASLEY ,  JR.,  A?»D  W.  YAK  P-IJ,  OEM. — Tve  linear  iced 
gyrokir.etic  equation  Ascribing  the  plcaan  ccjr'rt  i:i 
tokafak  yeor.etrv  is  solved  by  an  initial  .aiu^  \r?  rc.iv 
einp loving  high  n  “allconine  r.'-cc  toj—al  i.«-..  7;.c  ■  - 

terpemture  gradient  .-'de  that  is  unstable  ir  siat  .’es'- 
etry  is  ‘‘eund  to  be  further  destabilized  by  the  ion  rac- 
netic  drifts.  R*al  p  irt  of  the  mode  frequency  car.  he  In 
resonance  with  the  average  ion  magnetic  drift  fr»  qien.cv, 
For  even  ve-y  snail  t-roidicity,  tliis  resonance  car 
bring  devn  the  critical  '  In  Ti/^n  i  to  rero,  ir 
contrast  with  n^  >  :  ir>  £he  slab  case.  Ictai’ed  r- -u’.rs 
over  a  wide  range  of  parar.eters  will  be  presented. 


•Supported  by  D.S.  DoE  Contract  DE-AC02-  /6-C'HC’JC  "3. 

2 S  S  A  Lir.eir  Th-,-  ry  --jz  the  Hi  :i  £  Yniver  -  a  1  2 :.t 
Drift  A 1  fvc.  vie.-,  p.  HASTINGS*,  and  J.E.  v  ,  "MIT— 
Tne  lin»ar  h i  *h  £  b  v  ivio:  cf  two  well  known  low 
fre-T*:»nr/  mc.-des  is  e>inir.sd  in  a  slib  ceor-.-trv.  r.  r  th«> 
or.i.irsaA  drift  node  vitn  k  0,  ;  >  is  f-  r.d  tr  te 
avffi-ier.t  to  stabilize  the  rode.  In  centrist  t*  an 
jrderst«'.ndinc  hoaed  or.  electrostatic  thoor-,  r.,oe  1  v.*,r, 
n  -  0,  v/xnv^ .  n-  Z  and  k  a,  <<  1  are  toe  hardest  to 
stab;li?n.  *t  ihil  ir  *  t  ion  :  :  Vv  ;  »  •  ■  - 


v»r '*  r t •••l  •  *. 
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Cerenkov  Amplifiers*.  D.  WISE,  J.  WALSH, 
Dartmouth  College — A  Cerenkov  amplifier  consists  of 
a  tubular  dielectric  waveguide,  a  mildly  relativistic 
electron  beam,  and  input /output  coupling  structures. 
When  the  system  is  operated  in  the  collective  regime, 
(otfpL/cfcSY  3/2)  >>  1,  a  criterion  which  is  relatively 
easy  to  satisfy  in  the  mm  and  near  mm  region  of  the 
spectrum,  both  wide  band  moderate  gain,  .5  -  1, 
db/cm  at  about  twenty-five  percent  band  widths,  and 
much  higher  gain  operation  over  narrower  percentage 
band-widths  are  possible.  The  beam  parameters  which 
give  the  above  performance  are  200  K.V  and  1-20  A. 

An  analysis  of  the  projected  performance  of  this 
system  in  operation  as  a  reflection  amplifier  will 
be  presented. 

*Work  supported  by  AFOSR  Contract  il  77-3410D. 
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A  High  Power  Cerenkov  Microwave  Source.*  S.  Von 
Laven,  J.  Branscum,  J.  Golub,  R.  Layman  and  J.  Walsh, 
Dartmouth  College.  An  electron  beam-driven  dielectric- 
lined  waveguide  has  produced  30-100  kilowatts  of 
coherent  radiation  over  an  octave  band  on  the  TM01 
mode  of  the  waveguide.  Operation  on  the  TM02  mode  has 
been  realized  as  well.  Impedance  mistmatches  at  the 
ends  of  the  liner  section  provide  a  reflected  signal, 
which  undergoes  amplification  during  successive  passes. 

This  work  employes  a  pulsed,  1-40  ampere  beam 
of  100-250  keV  electrons  directed  along  the  axis  of 
a  dielectric-lined  circular  waveguide^. 

The  pulse  duration  is  about  four  microseconds. 
Quartz  (eps=3.78),  stycast  (eps=5),  and  boron  nitride 
(e0s=4.2)  liners  of  several  thicknesses  have  been 
employed . 

For  most  dielectric  liners  used,  the  fundamental 
output  frequency  is  near  the  frequency  at  which  the 
phase  velocity  of  the  TM01  mode  is  synchronous  with  the 
beam.  Data  will  be  presented  for  several  liners  in  12.5 
mm  diameter  waveguide.  A  large  systematic  error  is  noted 
for  the  case  of  the  3  mm  quartz  liner.  A  surface  charge 
build-up  on  the  quartz  is  suspected  of  decelerating  the 
beam  to  velocities  synchronous  with  the  observed  output. 
The  problem  nearly  disappears  for  2  mm  quartz.  The 
longitudinal  electric  field  associated  with  the  1  mm 
liner  geometry  is  too  weak  to  give  good  coupling  for 
moderate  beams. 

The  output  power  is  found  to  increase,  as  the  square 
of  the  beam  current  in  the  1-10  ampere  range  for  the  2mm 
quartz  liner,  again  in  12.5  mm  diameter  waveguide.  In  a 
separate,  absolute  measurement  with  the  same  liner 
geometry,  a  12-ampere,  115  kilovolt  beam  generated  30 
kilowatts  of  radiation  at  50  Ghz.  Powers  up  to  100 
kilowatts  were  obtained  at  lower  frequencies  for  3  mm 
thick  boron  nitride  in  the  12.5  mm  diameter  waveguide. 
Power  is  often  sufficient  to  cause  atmospheric 
breakdown  in  X-band  waveguide. 

The  range  of  frequencies  obtainable  on  a  single 
mode  has  reached  nearly  an  octave.  In  some  of  the  12.5 
mm  diameter  waveguide  experiments  and  in  a  9.5  mm  wave¬ 
guide  experiment,  it  has  been  possible  to  suppress  the 
TM01  mode  and  observe  coupling  to  the  TM02  mode. 
Frequencies , between  100  and  120  Ghz  have  been  attained. 
The  power  is  probably  less  than  that  obtainable  on  the 
TM01  mode,  but  still  significant.  Lower  levels  of 
output  have  been  observed  through  a  200-Chz  filter  with 
the  2  mm  quartz  liner,  12.5  mm  waveguide. 

Discrete  cavitv  modes  are  observed  rather  than  a 
continuous  waveguide  soectrum.  The  Q  ot  the  uner 
section  itself  is  an  ■.•pur taut  parameter.  Reduced 
reflectivity  ac  either  end  raises  the  voltage  threshold 
for  output. 

*Work  supported  by  AF0SR  Contract  #  77-3410D. 
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CERENKOV  AND  CERENKOV -RAMAN  RADIATION  SOURCES 
JOHN  E.  WALSH 


INTRODUCTION 

Cerenkov  radiation^  takes  its  name  from  P.A. 
Cerenkov  whose  pioneering  experimental  research  clearly 
established  the  nature  of  the  electromagnetic  radiation 
produced  by  a  charged  particle  when  it  moves  with 
super luminal  velocity  in  a  dielectric  medium.  The  electron 
sources  used  by  Cerenkov  were  weak  and  thus  he  studied  the 
radiation  produced  by  single  particles  (spontaneous 

o 

emission).  The  analysis  of  Frank  and  Tamm  also  applied  to 
the  single  electron  case.  We  will  be  concerned  in  this 
paper  with  a  tutorial  discussion  of  practical  radiation 
sources  which  make  use  of  the  Cerenkov  process  and  hence  we 
will  be  interested  in  stimulated  as  well  as  spontaneous 
Cerenkov  emission.  The  former  one  of  these  is  like  the 
latter  a  potential  source  of  short  wavelength  radiation. 
Cerenkov's  original  experiments  were  in  the  visible  range  of 


the  spectrum  and  more  recently  it  has  been  demonstrated  that 
a  highly  relativistic  electron  beam-noble  gas  combination  is 
a  bright  incoherent  source  of  radiation  in  the  vacuum 
ultraviolet  region  .  In  other  experiments  mm  wavelength 
Cerenkov  radiation  has  been  obtained^’^’^.  It  is  of 
interest  therefore,  to  consider  the  possibility  of 
constructing  Cerenkov  laaers  over  the  entire  range  of  the 
electromagnetic  spectrum  for  which  suitable  dispersive 
materials  can  be  found. 

Cerenkov  radiation  can  be  thought  of  as  a  decay 
process  in  which  an  electron  moving  through  a  dielectric 
emits  a  photon  and  drops  to  a  lower  energy  state.  We  will 
also  be  interested  in  a  related  process  where  an  electron 
either  scatters  an  incoming  photon  or  emits  two  photons. 
Unlike  Cerenkov  radiation  which  has  no  vacuum  counterpart 
the  first  of  these  is  analogous  to  Compton  scattering.  The 
dynamics  of  the  scattering  are,  however,  both  complicated 
and  enriched  by  the  presence  of  the  dielectric.  In  a 
Cerenkov  oscillator  or  amplifier  the  single  electron  is 
replaced  by  a  beam  whose  intensity  is  sufficient  to  cause 
stimulated  emission.  A  related  device  in  which  an  electron 
beam  in  a  dielectric  interacts  with  an  incident  photon  beam, 
can  be  imagined.  If  the  electron  beam  is  intense  enough  to 
support  collective  plasma  oscillations  the  incident  photons 
scatter  off  of  these  and  the  device  would  be  called  a 
Cerenkov -Raman  laser  or  maser.  As  the  wavelength  of  the 
scattered  photon  is  decreased  the  electron  beam  loses  its 
collective  nature  and  the  scattering  becomes  a  single 
particle  process.  Stimulated  scattering  still  occurs  in 
this  limit,  however,  and  devices  operating  in  this  range  are 
designated  Cerenkov-Compton  radiation  sources.  The 
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definition  of  the  division  between  Cerenkov -Raman  and 

Cerenkov-Compton  devices  adopted  here  is  consistent  with 
that  used  for  devices2  operated  without  a  dielectric. 

As  is  the  case  with  straight  Cerenkov  sources, 
Cerenkov-Raman  or  Compton  devices  are  in  principle  capable 
of  working  at  wavelengths  as  short  as  the  visible  or  vuv 

regions  of  the  spectrum  .  At  the  present  time,  however, 

•  •  a 

practical  devices  have  been  operated  in  the  mm  range  .  A 

primary  purpose  of  these  tutorial  notes  is  to  explore  in 

some  detail  the  criteria  which  must  be  met  if  short 

wavelength  operation  is  to  be  achieved. 

The  notion  that  superluminal  velocity  charged 

particles  could  be  used  as  a  radiation  source  is  quite  old. 

Heaviside^  in  1889  and  Sommerf ield*®  again  in  1904  solved 

for  the  electromagnetic  fields  produced  by  a  charged 

particle  moving  with  greater  than  light  velocity.  Both  of 

these  analyses  preceded  special  relativity  and  assumed  that 

it  was  possible  for  a  particle  to  have  a  velocity  greater 

than  that  of  light  in  a  vacuum.  If,  however,  the  velocity 

of  light  c  is  replaced  by  c  over  the  index  of  refraction  n, 

their  solutions  are  consistent  with  the  work  of  Frank  and 
2 

Tamm  .  There  are  also  some  scattered  observations  of 
Cerenkov  radiation.  M.  Curie**  in  1911  deduced  that  one 
component  of  radiation  produced  in  the  walls  of  a  glass 
container  containing  radioactive  materical  was  due  to  the 
presence  of  high  speed  electrons,  and  Mallett*2  in  1926 
performed  several  related  experiments.  Taken  as  a  whole, 
however,  none  of  the  early  work  was  sufficiently  complete  or 
correct  to  jeopordize  the  position  of  Cerenkov  and  of  Frank 
and  Tamm  as  the  founders  of  the  subject  of  Cerenkov 
radiation. 
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Following  this  original  »  work  a  very  large  number 
of  papers  devoted  to  the  subject  have  been  written.  A 
review  article  by  Bolotovskn*  contains  over  four  hundred 
references.  Much  of  the  emphasis  in  this  work  was  on  the 
application  of  Cerenkov  radiation  to  the  production  of 
useful  radiation  sources  in  the  millimeter ,  the 
submillimeter  and  the  far  infrared  regions  of  the 
electromagnetic  spectrum.  Almost  every  concievable  electron 
beam  dielectric  structure  combination  has  been  analyzed. 

It  is,  of  course,  not  practical  to  propagate  an 
electron  beam  through  a  solid  dielectric  and  hence 
particular  importance  is  attached  to  the  radiation  produced 
by  electrons  moving  along  the  axis  of  a  channel  in  a 
dielectric.  Ginzburg^,  analyzed  a  number  of  these  problems 
in  detail.  He  found  that  in  addition  to  the  fact  that 
spontaneous  Cerenkov  emission  is  relatively  weak  in  all 
regions  of  the  spectrum  below  the  visible^,  there  is  not 
surprisingly  also  a  relation  between  the  size  of  the  channel 
and  the  wavelength  of  the  radiation  produced.  One  method  of 
circumventing  the  relative  weakness  of  the  process  at  longer 
wavelengths  is  to  bunch  the  electrons.  If  the  scale^ 
length  of  the  bunch  is  small  compared  to  the  wavelength  the 
radiation  intensity  is  increased  by  the  square  of  the  number 
of  electrons  in  the  bunch.  A  number  of  experiments  using 
this  technique  were  performed.  Notable  amoung  these  were 
the  experiments  of  Coleman^  and  of  Lashinksy'’.  In  all  of 
the  analyses  and  experiments  mentioned  the  electron  beam 
intensity  and  dielectric  resonator  designs  were  such  that 
stimulated  emission  was  not  a  factor. 

host,  although  not  all  of  the  early  work  was  devoted 
to  straight  Cerenkov  radiation.  The  problem  of  the 
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radiation  produced  by  an  oscillator  moving  through  a 
dielectric  was,  however,  analyzed  by  Frank*2  and  a  later 
analysis  of  this  and  similar  problems  with  emphasis  on  its 
use  as  a  radiation  source  was  performed  by  Ginzburg  .  In 
the  latter  work  expressions  for  the  power  radiated  by  both 
sub  and  superluminal  oscillators  were  given.  More  recently 
in  a  series  of  publications  Schneider  and  Spitzer*^  have 
analyzed  the  problem  of  photon-electron  scattering  in  a 
dielectric  medium.  All  of  these  analyses  were  devoted  to 
single  particle  spontaneous  emission  processes. 

The  efficient  production  of  stimulated  Cerenkov  or 

stimulated  Cerenkov-Raman  radiation  requires  electron  beam 

densities  and  velocities  which  are  in  excess  of  those 

required  by  conventional  microwave  tubes.  This  is  the 

primary  reason  why  these  mechanisms  have  not  yet  been  used 

in  practical  radiation  sources.  However,  the  need  for  high 

power  coherent  sources  in  the  shorter  part  of  the  millimeter 

range  and  for  high  or  moderate  power  tuneable  coherent 

sources  in  the  submillimeter  and  far  infrared  regions  of  the 

spectrum  has  led  to  some  acceptance  of  electron  beams  with 

parameters  which  are  more  than  adequate  for  the  production 

of  stimulated  Cerenkov  radiation.  An  intense  electron  beam 

20 

has  been  used  to  produce  megawatt  levels  of  radiation  and 
an  electron  beam  generator  similar  to  that  used  in  high 
power  klystrons  has  been  used  to  produce  both  stimulated 
Cerenkov^  and  stimulated  Cerenkov-Raman^  radiation.  The 
details  of  these  experiments  will  be  discussed  elsewhere22. 
The  remaining  sections  of  these  notes  will  be  devoted  to 
exploring  the  fundamental  principles  of  device  operation. 
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KINEMATIC  CONSTRAINTS  ON  CERENKOV  AND 
CERENKOV-COMPTON  SCATTERING 


A  number  oi  useful  conclusons  can  be  drawn  from  an 
analysis  of  Che  constraints  which  energy  and  momentum 

mm  submm  fir 
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Fig.  1.  Free  electron  radiation  sources. 

conservation  impose  on  Cerenkov  and  Cerenkov-Compton 
scattering.  In  order  to  see  why  this  is  so  we  consider  the 
diagramatic  representation  of  a  section  of  the 
electromagnetic  spectrum  shown  in  Fig.  1.  On  the  left  we 
have  conventional  microwave  tubes.  These  were  developed 
during  an  earlier  effort  to  overcome  the  difficulties 
encountered  when  attempts  were  made  to  develop  radiation 
sources  in  the  cm  wavelength  range.  They  are  all 
characterized  by  the  fact  that  at  least  one  critical 
dimension,  f,  is  of  the  order  of  the  operating  wavelength 


If  an  attempt  is  made  to  simply  extend  the 
successful  microwave  devices  down  in  wavelength  a  number  of 
fundamental  dif ficulties^*^  become  apparent.  The  quality 
factor,  Q,  of  any  (closed)  resonator  drops  as  X  and 

furthermore  as  the  resonator  volume  decreases  power  density 
increases  and  heat  dissipation  becomes  a  severe  practical 
problem.  Furthermore,  if  we  choose  A  >>  XQ  the  resonator  Q 

■J 

must  rise  at  least  as  fast  as  (A/ A  )J  if  the  modes  are  to 
be  resolved.  In  two  and  one  dimensional  resonators  this 

o 

restriction  becomes  (A/AQ)  and  (A/AQ)  respectively.  Thus 
open  resonators  will  be  an  advantage  if  we  require  Aq  <<  A. 
Clearly  however,  something  other  than  resonator  geometry 
alone  must  determine  the  operating  wavelength  Aq  for  an 
electron  beam  device  if  it  is  to  operate  at  Aq  much  less 
than  say  one  mm. 

In  a  conventional  laser  AQ  is ,  of  course,  set  by 
atomic  or  molecular  structure.  For  the  short  wavelength 
free  electron  sources  mentioned  on  Fig.  1  several  different 
techniques  are  used  to  fix  the  wavelength.  The  Stanford^ 
free  electron  laser  and  the  stimulated  Raman  scattering 

experiments  performed  at  the  Naval  Research  Laboratory  and 
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at  Columbia  University  use  the  relativistic  doppler  shift, 
hence  A 0  in  those  experiments  is  set  by  the  wavelength  of  an 
incoming  (pump)  source  (a  static  rippled  or  helical  magnetic 
field  with  wavelength  Ap)  and  the  beam  energy.  This  is  a 
good  technique  since  it  does  not  rely  on  resonator  geometry 
but  suffers  from  the  disadvantage  that  Aq  goes  down 
approximately  as  the  inverse  of  the  electron  beam  energy 
squared  and  short  A  operation  requires  large  beam  energies. 
In  the  gyrotron,  wavelength  is  determined  by  the  cyclotron 
These  are  prime  candidates  for  mm  wavelength 
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resonance. 


tubes  but  operation  at  wavelengths  below  one  mm  requires 
very  large  magnetic  fields.  The  carcinotron  is  essentially 
a  backward  wave  oscillator.  The  wavelength  in  these  is  set 
by  geometry  and  because  of  this  carcinotrons  are  probably 
the  ultimate  straightforward  °  extension  of  microwave  tubes. 


ENERGY-MOMENTUM  CONSERVATION  FOR  CERENKOV  SCATTERING.  By 
considering  the  kinematics  of  Cerenkov  radiation  we  will  be 
able  to  determine  the  extent  to  which  this  mechanism  can 
determine  a  value  for  X  which  is  much  less  than  l  .  A 
quantum  view  of  the  radiation  process  is  shown  sc)«7**  ticaliV 
in  Fig.  2a.  Applying  the  laws  of  conservation  e-1  energy  and 
momentum  and  subsequently  eliminating  the  momentum  we 
obtain: 

■fin)  [Hai(n^-l)  +  E  (8  ncos  0  -1)]  **  0  (1) 

o  o  c 

where , 

8  =  v  c 

o  o 

is  the  initial  electron  velocity  measured  in  units  of  the 
light  velocity  and  EQ  the  electron  energy  is  in  the 
conventional  notation: 

E  *  y  rac^  (2a) 

O  'o 

yn  -  1/<1-B  2)*  (2b) 

o  o 

The  index  of  refraction,  n(u>) ,  may  depend  upon  frequency. 
If  SQn  <  1  the  only  solution  of  Eq.  (1)  is  u  ■  0.  When  the 
beam  velocity  exceeds  the  Cerenkov  threshold,  8Qn  ■  1, 

however,  the  Cerenkov  decay  process  is  allowed  and  we  find: 


(3) 


cos  0 


i/6  n 
o 


+  fuo(n  -1)  /E 


The  second  term  on  the  right  hand  side  of  Eq.  3  is  very 
small  at  any  possible  u  and  hence  in  regions  where  n  is 
frequency  independent  the  emission  threshold  is  also 
frequency  independent.  In  the  absence  of  dispersion  we  will 


also  find  that  the  emission  spectrum  varies  slowly  with 
frequency.  One  method  whereby  the  emission  spectrum  can  be 
narrowed  depends  upon  the  rise  in  index  of  refraction  near 
an  absorption  line.  This  is  illustrated  in  Fig.  2b.  The 
fact  that  the  emission  is  near  an  absorption  line  means  of 


course  chat  a  good  deal  of  the  emitted  radiation  can  be 
reabsorbed.  It  is  a  technique  which  has  been  used  in 
particle  counting  applications  and  in  producing  bright 

,  3 

incoherent  vuv  radiation  .  Furthermore,  elementary 
calculations  indicate  that  strong  stimulated  emission  can  be 

obtained  in  the  vuv  from  an  electron  beam  noble  gas 

.  .  30  .  . 

combination  .  There  is  as  yet  no  experimental  verification 

of  this  latter  prediction,  a  fact  which  is  due  in  part  to 
the  great  practical  difficulties. 


CERENKOV  SCATTERING  IN  BOUNDED  MEDIA.  There  are  highly 
transparent  solid  materials  available  over  much  of  the 
spectrum  shown  in  Fig.  1.  These  can  be  configured  in  a  wide 
variety  of  electron  beam  dielectric  resonator  combinations. 
Some  of  these  have  been  tested  experimentally  ’  and  found 
to  work.  Since  they  also  show  promise  of  working  in  the 
middle  of  the  spectral  range  shown  in  Fig.  1  where  moderate 
and  high  power  sources  are  not  now  available,  we  will 
concentrate  much  of  our  discussion  on  this  approach.  Shown 
in  Fig.  3  is  a  sketch  of  a  dielectric  tube  waveguide  and  the 
dispersion  curve  for  a  TM  guide  mode.  This  mode  is  chosen 
in  order  to  conform  to  the  symmetry  of  the  classical  picture 
of  Cerenkov  radiation  in  an  infinite  dielectric  which  is 
that  of  a  wake  of  radiation  propagating  at  cone  angle  6C. 

A  detailed  analysis  of  this  problem  is 
straightforward  but  quite  complicated  in  detail. 
Fortunately,  however,  it  is  possible  to  deduce  the  most 
important  conclusions  with  the  aid  of  simple  qualitative 
arguments.  First  we  see  that  if  0n  >  1  there  will  be  a 
coupling  between  an  electron  moving  along  the  axis  of  the 
tube  and  the  guide  mode.  Furthermore,  due  to  the  fact  that 


l/ 


there  is  a  unique  relation  between  u>  and  k  the  Cerenkov 
emission  will  occur  at  a  discrete  frequency  given  by: 

w  =  c  k  g  (4) 


Fig.  3.  Dispersion  and  coupling  in  a  dielectric  resonator. 

Provided  the  guide  modes  are  resolved  with  respect  to 
transverse  wave  number,  a  series  of  lines,  one  for  each 
mode,  will  be  produced.  As  the  emission  occurs  one  can 
imagine  the  electron  moving  along  the  dispersion  curve 
toward  higher  u  and  k  until  the  coupling  is  so  reduced  that 
emission  no  longer  occurs.  Treatment  of  the  coupling  is  not 
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a  purely  kinematic  process  and  hence  it  will  be  deferred 
until  a  later  section. 

Another  important  conclusion  can  be  reached  with  the 
aid  of  Fig.  3.  The  cutoff  frequency  (uco)  will  depend 
inversely  upon  the  wall  thickness  d  and  the  square  of  the 
index'  of  refraction  of  the  material  (n2  =  e) .  Hence: 


u,co  -  l/dCe-l)1* 
and  in  general , 


(5) 


h) 


2  h 

c*  l/d(6  e-1) 


(6) 


The  frequency  at  which  the  interaction  occurs  can  be 
controlled  both  by  d  and  by  82£.  Thus  insofar  as  kinematic 
constraints  are  concerned  we  have  achieved  conditions  such 
that  X,  the  wavelength  of  the  frequency  produced  can  be  much 
less  than  the  characteristic  dimension  2a.  Furthermore,  by 
judiciously  combining  the  use  of  d  and  S2e  some  control 
over  the  separation  of  different  transverse  modes  can  be 
obtained.  Before  the  choice  of  all  parameters  is  made, 
however,  the  coupling  must  be  investigated. 


CERENKOV-COMPTON  SCATTERING.  Shown  in  Fig.  4  are  sketches 
of  two  possible  Cerenkov-Compton  (electron  photon  scattering 
in  a  dielectric)  scattering  processes.  In  the  first  of 
these,  Fig.  4a,  SQ  <  1/n  and  the  event  is  analogous  to 
ordinary  Compton  scattering  in  that  an  incident  photon  kp 
(for  pump)  scatters  off  an  electron  which  drops  to  a  lower 
energy  as  it  emits  a  photon  kg.  There  is,  however,  a  very 
important  difference.  Application  of  the  laws  of  energy 


Fig.  4.  Cerenkov-Compton  scattering,  8n<l. 


and  momentum  conservation  lead  to  the  conclusion  that: 


w  1+8  n(oj  )cos9 

-1, - °  ... J- - E  (7) 

to  1-6  n(a)  )cos0 

p  OSS 

Hence  wg  becomes  arbitrarily  large  as  8Qn(  id8)">'1.  When 

electron  recoil  and  or  dispersion  are  included  the  frequency 

shift  becomes  finite  but  still  very  large  in  this  same 

limit.  Thus  unlike  similar  stimulated  scattering 

1 0  26  27 

devices  ’  ’  which  operate  without  a  dielectric, 

extremely  high  energies  are  not  a  prerequisite  for  large  wg 
and  hence  this  is  a  conclusion  of  some  practical 
significance . 

The  presence  of  the  medium  makes  possible  Pn  >  1 
and  thus  there  are  scattering  processes  which  have  no  vacuum 
analog.  These  are  shown  in  Fig.  4b.  Application  of  the 


conservation  laws  in  this  case  leads  to  the  relation: 
a)  8  n(it)  )cos0  +1 

_s  -  -2 _ E _ E —  (8) 

to  8  n(<o  )cos0  -1 

p  o  s  s 

for  which  comments  similar  to  those  made  for  Fig.  4a  may  be 
made  in  the  limit  8Qn(  u)g)  -*•  1 .  There  is,  however,  one 
difference,  as  8Qn(  <og)  -+1  from  above  unity  the  solution  to 
the  conservation  equation  moves  into  the  complex  plane  and 
the  process  as  expected,  becomes  forbidden. 

If  the  effects  of  dispersion  are  included,  multiple 
roots  of  Eqs.  7  and  8  can  be  obtained*7,18,19.  These  will 
be  of  some  importance  both  in  gasses  when  w  is  near  an 
absorption  line  and  in  the  case  where  a  dielectric  waveguide 
is  used  to  support  the  wave.  Before  analyzing  the  waveguide 
case,  however,  a  very  important  practical  modification  to 
the  scattering  processes  should  be  considered. 


THE  ZERO  FREQUENCY  PUMP.  It  might  be  anticipated  that  an 
intense  source  of  incident,  "pump",  photons  would  be 
required  if  a  useful  level  of  stimulated  radiation  at  o>s  is 
to  be  produced.  This  would  be  an  important  practical 
limitation  if  it  were  not  for  the  fact  that  a  rippled  or 

helical  static  magnetic  field  with  wavelength  A  will 
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serve  as  well.  This  so  called  zero  frequency  pump  (  ■ 
0,  kp  ■  2  n/Ap),  which  is  also  used  in  the  vacuum  version  of 
stimulated  scattering  sources,  is  capable  of  providing 
enorous  equivalent  pump  power  in  the  rest  frame  of  the 
electron. 

Analysis  of  the  kinematic  relations  which  lead  to 
Eqs.  7  and  8  with  the  assumption  that  u»p  is  now  zero  leads 
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immediately  to: 


c0  k  cos6 

op  p 

“s  l-eon(a)8)cos0s 


and , 


c0  k  cos6 

u  -  _ °-E _ E — 

8  B  n(u>  )cos0  -1 
0  8  8 


(9a) 


(9b) 


for  the  subluminal  and  superluminal  cases  respectively.  The 
advantages  of  a  zero  frequency  pump  thus  apply  to  the 
Cerenkov-Compton  processes.  A  further  advantage  not 
available  in  a  vacuum  is  that  nov  kp  can  be  chosen  in  order 
to  get  good  depth  of  modulation.  The  frequency  shift  is 
controlled  independently  by  B0n(u>s). 


CERENKOV-COMPTON  SCATTERING  IN  A  WAVE  GUIDE.  The  motion 
imparted  to  an  electron  by  the  pump  is  primarily  transverse 
and  hence  this  motion  can  couple  to  the  TE  modes  of  a  guide. 
Shown  in  Fig.  5  is  a  sketch  of  the  dispersion  relation  for  a 
partially  filled  guide  which  is  bounded  by  metal  walls. 
Also  shown  are  the  beam  line  ck0  for  the  case  0n  <  1  and  the 
zero  frequency  pump  idiich  is  designated  as  a  horizontal  line 
segment  of  length  kp.  It  is  clear  from  the  diagram  how  the 
pump  makes  up  the  momentum  difference  between  a  beam  mode 
and  the  scattered  mode.  Furthermore,  it  is  also  clear  that 
there  will  in  general  be  two  solutions  to  the  kinematic 
relations  and  a  beam  energy  threshold  below  which  the 
scattering  process  is  forbidden.  A  sketch  of  the  beam 
energy  versus  frequency  curve  is  also  shown  on  Fig.  5. 
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Comments  made  in  a  previous  section  regarding  the 
role  of  d  and  e  in  controlling  the  frequency  of  the 
fundamental  mode  generally  apply  to  the  Cerenkov  mode  as 


Fig.  5.  Cerenkov-Compton  scattering  in  a  dielectric 
resonator . 

well.  There  is  one  further  significant  difference.  When 
w/ck  <  1  the  fields  in  the  vacuum  region  must  evanesce  away 
from  the  dielectric  (Fig.  6)  and  although  some  control  over 
the  decay  length  can  be  maintained  by  using  large  energy 
electron  beams  it  will  ultimately  lead  to  weak  coupling  at 
large  u.  When  Cerenkov-Compton  scattering  is  used,  however, 
we  can  also  couple  to  waves  with  m/ck  >  1  and  hence  to 
fields  which  peek  rather  than  evanesce  in  the  region  of  the 


I 


ck 


Fig.  6.  Axial  field  strength  u/ck  ?  1 

electron.  The  advantage  of  the  dielectric  is  not'  lost  in 

this  operating  regime  because  the  point  where  u>/ck  “  1  will 

2  -1/2 

still  depend  upon  (d  (  c  -  1))  and  the  point  near  Bn  ■  1 
will  still  produce  large  frequency  shifts  at  beam  energies 
which  are  comparatively  modest.  The  preceding  discussion  is 
primarily  aimed  at  the  regime  80n  <  1  since  there  are 

practical  advantages  to  operating  with  lower  beam  energies. 
Devices  need  not  be  restricted  to  this  region,  however, 
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since  the  cross  section  for  the  process  becomes  large  for 
both  BQn  $  1.  Analysis  of  the  related  dynamical  processes 
will  show  that  gain  can  be  achieved  in  both  regimes. 


CONCLUSIONS.  We  can  conclude  from  the  kinematic  arguments 
presented  in  the  preceding  sections  that  one  requirement  for 
producing  a  high  frequency  free  electron  device,  l  »  XQ, 
can  be  met  by  Cerenkov  and  Cerenkov-Compton  devices. 
Whether  those  possibilities  are  realized  will  depend  also  on 
the  electron  dynamics  and  the  parameters  of  the  electron 
beam  used  to  drive  the  device.  This  will  be  taken  up  in  the 
next  sections. 


CERENKOV  EMISSION  RATES 

The  spontaneous  and  stimulated  emission  rates  for 
Cerenkov  radiation  can  be  computed  either  classically  or 
quantum  mechanically.  In  the  quantum  calculation  one  would 
begin  with  the  kinematic  constraints  discussed  previously 
and  use  perturbation  theory  in  the  standard  way  to  arrive  at 
experssions  for  the  emission  rates.  When  the  recoil  terms 
(fto>/E0)  are  small  however ,  the  resulting  expressions  are 
independent  of  fi.  This  is  true  in  both  the  nonrelativistic 
and  the  extreme  relativistic  limit.  It  is  a  result  of  the 
fact  that  the  electron  is  making  transitions  between 
continuum  states  and  does  not  depend  upon  an  assumption  that 
there  are  a  large  number  of  photons  present.  Cerenkov 
radiation  is  thus  an  essentially  classical  process,  and  we 
will  use  classical  formalism,  Maxwell's  equations  and  the 
relativistic  Vlasov  equation,  in  order  to  arrive  at 


expressions  for  the  emission  rates. 


SPONTANEOUS  CERENKOV  EMISSION.  The  classical  picture  of 
Cerenkov  emission  is  that  of  a  wake  produced  when  the 
particle  velocity  exceeds  the  speed  of  light  in  the  medium. 
A  sketch  is  shown  in  Fig.  7.  The  symmetry  of  the  problem 


Fig.  7.  Cerenkov  wake  and  field  components. 

immediately  dictates  which  electromagnetic  field  components, 
also  stated  on  Fig.  7,  are  nonvanishing.  Derivations  of 
explicit  expressions  for  these  are  readily  available  and 
need  not  be  repeated.  We  will  sim^.  sunmarize  the  main 
conclusions . 

If  recoil  and  dispersion  are  neglected,  closed  form 
expressions  for  the  fields  as  functions  of  r  and  z  can  be 
obtained.  These  diverge  on  the  shock  front  defined  by  the 
Cerenkov  cone  however,  and  hence  they  are  not  the  most 
useful  form  for  further  work.  It  is  better  to  Fourier 
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transform  the  charge, 


P 


_e  Mil 

2irr 


6(z-vt) 


(10a) 


and  current, 

J  *  v  p  (10b) 

which  results  in 


Pk,(o  "  'e  6(“-kv) 


(11a) 


and 


v  Pi. 

—  Kk,u 


(lib) 


and  use  these  as  source  terms  in  equations  for  the  scalar 
and  vector  potentials.  The  equations  governing  the  radial 
dependence  are  then  Bessel  equations.  This  in  turn  suggests 
that  a  Four ier-Bessel  expansion  is  the  best  way  to  decompose 
the  fields.  In  an  infinite  medium  the  Hankel  transform  is 
used,  and  an  expression  for  the  work  done  by  the  particle  on 
each  component  of  its  own  polarization  field  can  be  readily 
computed.  The  resulting  expression  is  the  well  known 
formula  for  the  intensity  of  radiation  produced  per  unit 
path  length  per  unit  frequency  interval: 

-  e2w(l-l/62e(w))/c2  (12) 
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Integration  of  Eq.  12  over  all  u  would  result  in  the  total 
power  lost  per  unit  path  length.  If  dispersion  is  neglected 
however,  this  expression  again  diverges.  This  is  a  purely 
formal  difficulty  however,  since  e(u)+l  is  u>  00  for  any 
material  and  it  is  obvious  that  the  integral  is  to  be  done 

9 

only  for  regions  where  Be  >  1.  As  a  measure  of  intensity 
per  unit  u  Eq.  12  is  accurate  even  in  regions  when  e((d)  is 
sensibly  constant. 

Evaluation  of  Eq.  12  also  readily  shows  that  very 
little  radiation  is  produced  until  w  reaches  the  uv  region 
of  the  spectrum.  This  conclusion  is  true  even  if  a 
substantial  beam  of  electrons  is  used  in  place  of  a  single 
electron.  If  a  beam  of  finite  cross  section  is  propagated 
in  a  dielectric  the  power  produced  per  unit  length  of  beam 
becomes 


dP(w)  =  el  to  (1_1/B2e(u))  (13) 

dz  c  c 

where  1  is  the  beam  current.  If  the  current  is  expressed  in 
amperes  and  the  power  density  in  watts  we  obtain: 

-  io-8  1(A)  -  (l-l/p2e)  (14) 

dz  c 

watts/cm  for  the  power.  Pure  spontaneous  Cerenkov  radiation 
is  therefore,  a  weak  process  throughout  the  wavelength  range 
longer  than  a  few  tenths  of  a  micron.  We  will  find, 
however,  that  both  radiation  in  a  superadiant  configuration 
and  stimulated  radiation  are  potentially  strong  processes. 

Before  leaving  the  topic  of  spontaneous  Cerenkov 
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radiation  it  is  useful  to  point  out  the  differences  which 
occur  in  the  radiation  formulas  when  a  bounded  medium  is 
introduced.  In  the  discussion  of  Fig.  3  we  concluded  that 
the  emission  in  a  dielectric  tube  was  confined  to  a  series 
of  discrete  frequencies,  one  for  each  mode.  The 
discreteness  would  remain  so  long  as  the  overall  Q  was  such 
that  the  modes  could  be  resolved.  Straightforward  extension 
of  the  techniques  used  in  the  infinite  medium  can  be  used  to 
obtain 


dl  r  2e2  1  (15) 

dz  J  2(x  ) 

J1  (  ol} 

for  the  power  emited  into  a  mode  whose  field  dependence  is 
J0(xojr/a)  where  xqSL  is  a  root  of  the  Bessel  function  JQ, 
and  a  is  the  guide  radius.  When  a  beam  of  current  1  is 
used ,  the  expression  analogous  to  Eq.  5  becomes: 


dP  ,  2e  I 

dz  ®2  J  2(x  ) 

J1 

-  2.88  x  1CT12  I(A)/a2J12(xQ]l) 

watts/ampere/cm .  Again  this  is  a  very  small  amount  of  power 
but  the  comments  pertaining  to  changes  in  the  system  which 
lead  to  either  superadient  or  stimulated  emission  lead  to 
predictions  of  high  available  power  output. 


(16a) 

(16b) 


STIMULATED  CERENKOV  EMISSION  RATES.  The  early  theoretical 
and  experimental  attempts  to  turn  Cerenkov  radiation  into  a 
useful  source  made  use  of  what  could  be  termed  pre-bunching . 


Clearly  if  a  short  (compared  to  the  desired  wavelength) 
bunch  of  electrons  were  used  the  intensity  of  the  radiation 
would  increase  by  the  square  of  the  number  of  electrons  in 
the  bunch.  In  principle  the  enhancement  could  be  very  large 
but  in  practice  it  is  difficult  to  produce  dense  bunches 
with  a  scale  length  which  is  short  enough  to  be  interesting. 
It  is  better  to  use  the  process  of  stimulated  emission.  The 
scale  length  in  this  case  is  that  of  the  stimulating 
radiation. 

There  are  two  basic  regimes  in  which  the  stimulated 
process  is  important.  In  the  first,  which  pertains  to  weak 
beams,  spontaneously  emitted  photons  are  trapped  in  a 
resonator  and  these  stimulate  further  emission.  The  energy 
build-up  in  this  regime  will  be  sensitive  to  resonator 
length  and  other  cavity  details  and  for  this  reason  it  will 
be  defined  as  the  interferential  gain  regime. ^  In  order 
for  subsequent  electrons  to  add  energy  to  the  spontaneously 
emitted  field  left  by  earlier  electrons,  control  of  the 
overall  phasing  of  beam  and  radiation  must  be  maintained. 
The  growth  of  radiation  within  the  beam  is  not  exponential 
and  the  reaction  of  the  radiation  back  on  the  beam  in  this 
regime  need  not  be  treated  self-consistently. 

In  the  second  regime  the  beam  is  strong  enough  to 
cause  exponential  amplification  of  the  spontaneously  created 
field  within  the  beam  itself,  and  the  role  of  the  cavity,  if 
one  is  used,  is  somewhat  different.  Discussion  of  the 
details  of  the  role  played  by  resonators  will  be  deferred 
until  a  later  section.  The  gain  in  the  exponential  regime 
is  subdivided  according  to  whether  the  beam  can  be  regarded 
as  cold  (negligible  thermal  spread)  or  warm  (the  thermal 
spread  affects  the  gain).  We  can  easily  show  that  the 
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decision  about  whether  the  beam  can  be  regarded  as  warn  or 
cold  depends  upon  the  beam  density  and  the  wavelength  as 
well  as  the  velocity  spread.  Consider  a  monoenergetic 
electron  beam  which  is  supporting  a  slow  space  charge  wave 
propagating  in  the  same  direction  as  the  beam.  Assuming  the 
fields  are  weak  enough  to  allow  the  neglect  of  nonlinear 
effects,  the  dispersion  relation  of  such  a  mode  is  easily 
derived  with  the  aid  of  the  equations  of  motion, 

d(yvz)  *  —  E  07) 

dt  m  z 

of  continuity, 

■|^  +  V*  (nv)  =■  0  (18) 

and  Poisson 's equation, 

V  •  E  “  -4ire  (n-n  )  (19) 

—  —  o 

Fourier  transforming  we  obtain  for  the  slow  space  charge 
mode 
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kvo  -  nb^o 
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(20a) 


where 


4irn  e 
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is  the  beam  plasma  frequency  and  y  ■  (1  -  8  is 
related  to  the  zero  order  energy  of  a  beam  electron. 

The  relation  between  the  phase  velocity  of  this  mode 
and  the  beam  velocity  is  shown  in  Fig.  8.  Also  shown  in 
Fig.  8  are  two  typical  velocity  distributions.  In  one  the 
beam  and  the  modes  are  resolved  in  velocity  and  the  beam  is 
approximately  "cold".  In  the  other  it  is  not  and  the  beam 
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Fig.  8.  Beam-space  charge  waves. 

is  "warm".  Measured  in  the  laboratory  frame  the  velocity 
difference  between  the  mode  and  the  beam  is 

Av  «  J^/Yq  ^  k  (21) 

If  we  now  consider  a  beam  whose  velocity  spread  is  equal  to 
A  v  we  have  a  criterion  for  determining  the  wave  length  at 
which  a  beam  can  no  longer  be  regarded  as  cold.  It  is 
convenient  to  express  this  in  terms  of  energy  spread: 

w 

k'* 


(22) 
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Equating  (21)  and  (22)  and  using  k  “  2n/X  we  find  a 
wavelength. 


Xc  »  2irc  Ay/D^Y^^  (23a) 

which  for  X  £  Xc  defines  a  cold  (warm)  beam.  If  we  rewrite 
the  plasma  frequency  in  terms  of  beam  current  we  have  an 
alternative  expression 


X 

c 


2ira 


Ay 

Y 


e.V  I 


where  a  is  the  beam  radius,  I  is  the  beam  current, 


(23b) 


and 


I  =  ec/r 
o  o 

is  the  "current"  carried  by  an  electron  crossing  a  classical 

electron  radius  at  velocity  c  and  is  equal  to  17.3  KA. 

Discussion  of  the  role  of  X_  will  be  continued  below. 

c 


Emission  in  the  cold  limit.  The  stimulated  Cerenkov 
emission  rate  has  been  derived  elsewhere.  We  will  simply 
summarize  the  results  of  this  calculation.  The  symmetry  of 
the  beam  and  the  fields  are  the  same  as  that  of  the 
spontaneous  case  and  thus  we  will  have  for  the  equations  of 
motion: 

[vj-  +  (^  -  k2))  A  ■  J.  (24a) 
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and 
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In  writing  these  we  have  already  Fourier  transformed  in  time 
and  in  z  (the  beam  axis  coordinate).  We  have  also  assumed 
that  the  beam  is  passing  directly  through  the  medium.  This 
is  not  realistic  for  any  case  except  perhaps  a  gas  in  the 
limit  of  extreme  relativistic  beam  energy.  In  a  practical 
configuration  there  will  be  one  (or  more)  beam  channels  in  a 
dielectric  resonator.  The  boundary  value  problem  is  greatly 
complicated  by  this  state  of  affairs  and  thus  it  is 
difficult  to  gain  a  grasp  of  the  physical  situation  if  all 
possible  complications  are  put  in  at  the  beginning.  We  will 
assume,  therefore,  that  the  beam  passes  axially  through  a 
cylindrical  resonator.  The  form  factors  which  result  when 
practical  cases  are  considered  will  be  discussed  further  in 
the  concluding  sections. 

The  charge  and  current  in  the  cold  beam  limit  may  be 
computed  either  with  fluid  equations  or  the  Vlasov  equation. 
These  depend  upon  A  and  $  .  Expanding  the  entire  set  of 
equations  in  a  Four ier-Bessel  expansion  then  yields  a 
dispersion  relation: 


n  2,  2  2,2,  . 

8^  (u  -c  k  /e) 
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where 


c2(p2+k2)/e 


(25b) 


is  the  dispersion  of  the  undriven  guide,  and  p  is  the  radial 
wavenumber.  In  deriving  (25)  we  are  also  assuming  that  a 
strongly  magnetized  beam  is  used.  The  other  quantities  have 
been  defined  previously.  The  dispersion  curves  in  the  limit 
of  zero  coupling  and  finite  coupling  are  shown  in  Figs.  9a 


U) 


ck 

Fig.  9.  Dispersion  curves  in  the  cold  beam  limit. 

and  9b.  There  are  four  roots,  two  associated  with  the  beam 
space  charge  modes  and  two  with  the  unperturbed  guide  modes. 
When  0  <  1/n  all  four  roots  are  real  while  for  8  >  1/n  we 
have  a  complex  conjugate  pair  of  roots.  The  imaginary  part 


I 


of  the  frequency  (the  gain  curve)  for  this  limit  is  also 
shown  in  Fig.  9b.  The  gain  not  unexpectedly  peaks  near  the 
region  of  strongest  coupling: 


“k  =  ck3o  (26) 

Near  this  point  the  dispersion  relation  reduces 

approximately  to  a  cubic  and  we  have 

(u>-  ck0Q) 3  -  fib2  ck0  (l-l/e2E)/2y3  =  O  (27) 


Since  we  are  on  a  root  of  the  unperturbed  guide  mode  we  also 
have : 


k  -  p/ (e2E-i)Js  (28) 
•  •  2 

Rewriting  in  terms  of  the  current  and  p  in  terms  of  the 
radius  a,  (p  *  x^/a),  Eq.  27  can  be  expressed  in  terms  of 
physically  more  intuitive  variables: 


(»-ck8)3  -  f-  L'-Uty''  Ul3  =  0 

BIo  (c)H  laY| 


(29) 


Thus  the  gain  and  the  frequency  shift  on  resonance  become 
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2Ix  1 1  / 3 

*0-  - C2^-  (l-l/e2e)1/6  (30a) 

2  (e)Vl,  /  aY 


o  o 


(30b) 


respectively.  The  gain  and  the  frequency  shift  in  spatial 
units  are  obtained  by  dividing  Eqs.  30a  and  30b  by  c 
Relatively  modest  electron  beam  parameters  result  in 
substantial  gains.  A  typical  example  is  given  in  Table  1. 

Table  1 

Example  of  gains  calculated  for  typical  beam  parameters. 


e 

2.5 

4 

Vb(kv) 

150 

120 

y*> 

17.5 

17.5 

aia 

.138 

.232 

Cerenkov  emission  rate  in  the  warm  beam  limitj  A  discussion 
of  the  growth,  or  stimulated  emission  rate  in  the  limit 
where  the  beam  can  no  longer  be  regarded  as  monenergetic  may 
also  be  found  in  the  references Hence  the  discussion 
here  will  be  brief.  Assuming  that  a  strong  guide  magnetic 


field  coaxial  with  the  beam  direction  renders  the  small 
signal  motion  one  dimensional,  the  equations  for  the  z 
components  of  the  vector  potential  and  the  gradient  of  the 
scalar  potential  may  with  the  aid  of  the  equation  of 
continuity  be  combined  to  give  one  equation  for  the  axial 
component  of  the  electric  field: 


+  (  ^  -  k2)  ]  E„ 


-4ni 


,  2  2,2.  . 

(to  -c  k  / e)  p 

k 


(31) 


In  the  preceding  section  the  charge  density  p  was  computed 
using  the  fluid  equations,  now  to  account  for  thermal  spread 
we  will  use  the  Vlasov  equation: 
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3t 
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z  3z 


v 
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(32) 


where  in  writing  Eq.  32  we  have  used  a  velocity  distribution 
and  incorporated  the  assumption  that  the  motion  of  the 
particles  takes  place  primarily  along  the  z  direction. 

Linearizing  the  Vlasov  equation  and  Fourier 
transforming  in  t  and  z  we  obtain  in  the  usual  way  an 
expression  for  p: 
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in  e 
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v  (3f  /3  V  ) 
z  o  z 

(!)  -kv 

z 


dv 

z 


(33) 


If  we  substitute  for  v 

z 


from  the  equation  of  motion: 


(34) 


d  (YVz)  _  ~e  E 
dC  m  z 

and  subscitute  the  resulting  expression  for  p  in  the 
equation  for  Ez  we  then  nave 


V 


[V  2  +  ^  -  k2] 

c 


=  ~^b  (q)2-c2k  2/e) 


(35) 


(>fo/dvz  dv  E 
w-kv  z  z 


If  a  delta  function  distribution  in  velocity  is  assumed  the 
dispersion  relation  for  the  cold  beam  limit  obtained  in  the 
preceding  section  is  recovered.  Restricting  ourselves  to 
the  opposite  limit  we  may  use 


1 

w-kv 


P  — v—  -  iwfi(w-kv) 
w-kv 


(36) 


to  obtain  for  the  imaginary  part  of  the  frequency: 


"V  82(1-1/B2e)  3f(w/k) 

WI  “  2w.  3  3(w/k) 

x  Y 


(37) 


In  obtaining  Eq.  37  we  have  also  made  use  of  the  condition 
for  phase  synchronism 

-  ckB 


v' 


(1) 


(38) 


and  we  have  ignored  the  small  real  part  of  the  beam  density 
dependent  frequency  shift. 

The  exact  value  of  will  depend  to  some  extent  on 

the  detailed  shape  of  f(vz)  .  However  if  we  assume  that  its 

width  in  velocity  is  Av  and  that  it  varies  smoothly  around 

-2 

its  peak  the  derivative  may  be  replaced  with  A v  .  Making 

use  of  the  relation  between  Av  and  energy  spread  Ay,  the 

2 

previous  definition  of  co^  and  dividing  by  c  to  obtain  a 
spatial  growth  rate  a  we  then  have: 

^  fe)2  »» 
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SvI  \  X  (1-1/6 


) 


This  result  can  be  further  reduced  by  evaluating  it 
at  the  wavelength  \  which  represents  the  crossover  between  a 
warm  and  a  cold  beam  and  by  making  use  of  the  relation 

between  oi,  the  transverse  wavenumber  x  ./a  and  the  square  of 

.  2 
the  sine  of  the  Cerenkov  angle  (1-1/ 3  e)  .  The  spatial 

growth  measured  in  units  of  beam  radius  a  then  becomes: 


aa 


JT 

2 


(AO) 


Examination  of  Eqs.  39  and  AO  shows  that  operation 
of  a  collective  mode  device  in  the  submm-fir  region  of  the 
spectrum  is  a  realistic  possibility.  This  point  will  be 
addressed  further  after  the  emission  rate  of  the  Cerenkov- 
Raman  mode  is  computed . 


CERENKOV-RAMAN  EMISSION  RATE 

The  procedure  for  calculation  of  the  emission  rate 
for  the  Cerenkov-Raman  configuration  is  similar  to  that  used 
in  the  preceding  section.  It  is  however  slightly  more 
involved  since  in  addition  to  the  beam  oscillations,  and 
radiation  field  we  now  also  have  a  pump  field.  The 
discussion  will  be  broken  into  two  parts.  In  the  first  the 
interaction  mechanism  will  be  examined  qualitatively  and  in 
the  second  the  equations  of  motion  will  be  developed  in  more 
detail . 


CERENKOV-RAMAN  COUPLING.  The  kinematics  of  Cerenkov-Compton 
scattering  were  explored  in  the  second  section.  If  the 
single  electron  is  replaced  by  a  beam  and  the  photons  by 
waves  the  Cerenkov-Raman  instability  can  occur.  This  comes 
about  in  the  following  way.  The  electron  beam  supports 
space  charge  oscillations.  If  an  electromagnetic  wave 
propagates  either  along  or  counter  to  the  electron  beam  the 
Lorentz  force  associated  with  the  product  of  the  transverse 
velocity  imparted  to  the  electrons  by  the  electric  field 
associated  with  the  wave  and  the  magnetic  field  of  the  wave 
will  act  along  the  direction  of  the  beam  propagation. 

A  synchronous  or  resonant  coupling  between  three 
waves  is  possible.  Imagine  a  beam  on  which  there  is  a  space 
charge  oscillation  with  axial  wave  number  k^.  If  a  wave 
with  axi*’  wave  number  kp  is  propagating  in  the  direction 
counter  to  the  beam  there  ir  a  beat  force  with  wavenumber 


& 


(41) 


This  implies  that  the  interaction  between  a  space 
charge  oscillation  and  a  counterstreaming  "pump"  wave 
generates  a  scattered  wave.  We  will  see  that  a  large 
amplitude  pump  wave  can  induce  growth  of  both  the  space 
charge  and  the  scattered  waves.  Because  the  pump  wave  is 
scattered  from  a  collective  beam  oscillation  the  designation 
of  the  process  as  Raman  scattering  is  appropriate.  The 
prefix  Cerenkov  is  used  because  in  the  present  case  we  are 
also  examining  the  process  when  a  dielectric  resonator  is 
used  to  support  the  scattered  wave.  It  is  meaningful  to 
consider  the  scattering  in  regimes  where  the  beam  speed  is 
either  above  or  below  the  usual  Cerenkov  velocity  and 
perhaps  it  would  be  proper  to  restrict  the  usage  of  the 
designation  Cerenkov-Kaman  process  to  the  former  limit. 
However  this  would  unduly  clutter  the  notation.  We  will  use 
the  same  designation  for  both  limits  and  differentiate 
between  subluminal ,  3n  < 1,  and  superluminal  Bn  >  1  where 
appropriate . 

In  order  to  extract  a  useful  amount  of  gain  from 
this  interaction  the  pump  field  intensity  must  be  very 
large.  Hence  in  practice  it  is  best  to  use  a  static  rippled 
or  helical  magnetic  field  for  the  pump.  In  the  rest  frame 
of  the  electron  this  will  result  in  a  large  transverse 
electric  field  while  in  the  lab  frame  the  pump  will  have 
zero  frequency  but  non  zero  wavelength  X^  B  2x/kp.  Temporal 
synchronism  will  require: 

us  "  “b  (42) 

The  approximate  dispersion  relations  for  the  space  charge 
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and  scattered  modes  are 


“b  “  CV 


(43a) 


and 


a)  =  ck  /n 
s  s 


(43b) 


These  together  with  the  equation  for  spatial  synchronism 
result  in 
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cBk 


1-3  n 
o 


(44) 


the  relation  obtained  from  kinematic  considerations  in  the 
second  section.  Reversal  of  the  pump  direction  -k  and 
the  assumption  3n  >  1  immediately  results  in: 


c0k 

_ E 

Bn-1 


(45) 


The  kinematic  arguments  are  thus  equivalent  to  phase 
matching . 


4^ 


THE  DISPERSION  RELATION  FOR  CERENKOV  RAMAN  SCATTERING.  In 
order  to  calculate  the  gain  the  dynamics  of  the  interaction 
must  be  considered  in  more  detail.  There  is  now  a 
transverse  as  well  as  a  longitudinal  current  and  hence  the 
appropriate  field  equations  are 


1^ 


S'  ^ 


l/ 


-4*  -A 

C  _i(a)^-c^k^/e)  p/ck  _ 


Again  we  combine  the  z  component  of  the  vector  and  scalar 
potentials  since  this  will  simplify  computation  of  p  and  ,J. 
In  order  to  exhibit  the  basic  phenomena  with  a  minimum  of 
complication  we  will  also  assume  that  there  are  no 
transverse  spatial  variations. 

Computation  of  the  current  is  begun  with  the 
introduction  of  a  Lagrangian: 


L  =  -rac^l-B^)15  -e_g_  •  A  +  e < 


The  transverse  canonical  momentum 


*  Ymcfti - Ai 

—  c  — 


is  a  conserved  quantity.  If  as  is  usually  the  case  the  beam 
enters  the  interaction  region  with  no  initial  angular 
momentum  Pi  *  0  and  we  have  immediately: 


cBi  -  —  A» 

—  ymc  — ' ' 


It  is  convenient  to  use  the  ordinary  momentum 


S'3> 


(50) 


in  the  z  direction  and  the  equation  of  motion  for  this 


becomes 


P  =  -eE  -5*  f-S_\  J-  A- 

2  z  2  ^ Ymc )  3z 


where  in  obtaining  this  result  we  have  used  the  fact  that  £* 
is  conserved  and  the  assumption  that  there  is  no  spatial 
variation  in  the  transverse  direction. 

If  the  transverse  vector  potential  contains  both 
pump  and  scattered  components  the  second  term  on  the  right 
hand  side  of  the  equation  of  motion  results  in  a  force  with 
wave  number  kfa  and  frequency  «  w, .  This  will  drive  the 
space  charge  oscillation. 

Computation  of  P  and  J.  requires  the  introduction  of 
the  Vlasov  equation.  It  is  best  in  this  equation  to  use  the 
mixed  set  of  coordinates  ,  vz,  z,  and  t.  Linearizing  we 
then  have : 


p  -  i  n  e 
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vz(3f0/3vz)dvzd  px 
(o  -  kv 


(52a) 
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v>vz(3f0/3vz)  dvzd Jps 

noC.  (w  -  kv  ) 


(52b) 
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The  expression  equals  1/(1-  )  and  as  we  will  see,  the 
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wave  number  k  is  actually  k^ . 

The  expression  for  p  contains  a  term  linear  in  Ez 

obtained  earlier  for  the  Cerenkov  mode  and  a  nonlinear  drive 

.  2 
term  which  depends  upon  the  ponderomotive  potential  AL  . 

The  expression  for  Jj.  contains  only  nonlinear  terms,  the 

most  important  one  of  which  is  the  one  resulting  from  the 

product  of  Ez  and  vA  .  This  term  drives  the  equation  f or  Aj. 

at  the  frequency  u>8. 

Further  progress  requires  evaluation  of  the 
integrals  in  Eqs.  52.  In  the  wavelength  limit  where  the 
beam  may  be  regarded  as  cold  we  can  assume: 


f0<v2-  z»  t)  -  6 (px)  <5(vz-vo) 


and  the  integrals  can  be  done  immediately,  yielding  for  the 
nonlinear  contributions: 


m  v3  .  ,  .2 
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The  linear  terms  in  p  and  J  simply  are  absorbed  into  the 
dispersion  relation  for  the  uncoupled  waves. 

The  pump  field  is  actually  a  spatial  standing  wave 


and  hence  it  has  components  which  vary  as  exp(±ik  z)  .  The 
component  with  the  positive  sign  will  combine  with  a  term  in 
..ne  vector  potential  of  the  scattered  wave  with  a  similar 
sign  to  provide  a  resonant  drive  for  the  space  charge  mode. 
In  the  nonlinear  current  the  pump  term  with  the  negative 
sign  combines  with  a  forward  propagating  component  of  the 
space  charge  wave  to  provide  a  resonant  drive  for  the 
scattered  wave. 

Defining  the  magnitude  of  the  relative  velocity 
modulation  provided  by  the  pump  as: 


(55) 


we  arrive  finally  at  a  pair  of  coupled  equations  for  the 
scattered  and  space  charge  waves: 


DTA  -  'lnb\v  2  E 

S  -r - z 

Y(a>-kbVo) 

A  .  A, 

v>v0) 

The  symbols  and  stand  for  the  linear  parts  of  the 
dispersion  relations  of  the  scattered  (transverse)  and  space 
charge  (longitudinal)  waves  respectively.  The  former  one  of 
these  is: 


(56a) 


(56b) 
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and  Che  latter  is: 
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A  determinantal  equation  tor  the  coupled  modes  could  now  be 
computed  and  its  roots  evaluated.  However,  in  spite  of  the 
many  simplifying  assumptions  made  so  far  thiB  remains  a 
formidable  task.  The  following  procedure  will  be  adopted. 

Optimum  coupling  will  occur  near  the  region  where 
the  uncoupled  waves  are  resonant  modes,  i.e.  near  where  each 
satisfies  its  own  linear  dispersion  relation.  Near  this 
frequency  the  coupled  equations  can  be  rewritten  in  the 
form: 


(59a) 


(59b) 


where  T  denotes  the  factors  which  appear  as  coefficients  on 
the  right  hand  side  of  Eqs.  (56).  We  are  also  now  assuming 
the  mode  amplitudes  Aa  and  E.  vary  slowly  as  a  result  of  the 
coupling  although  this  is  not  the  same  as  the  original 
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definition  which  included  the  exponential  factors  and 
tacitly  assumed  that  the  amplitudes  were  constant. 

A  determinantal  equation  for  Eqs .  (59)  can  now  be 
formed  easily.  We  find  for  the  imaginary  part  of  the 
frequency 


to 
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(60) 


It  is  also  useful  to  state  this  in  spatial  units  of  the  beam 
radius 
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The  growth  rate  increases  as  the  square  root  of  the 
scattered  frequency  and  hence  this  is  an  intrinsically  short 
wave  length  process  provided  the  beam  may  be  regarded  as 
cold.  As  was  the  case  with  the  pure  Cerenkov  mode  the 
growth  in  the  warm  limit  will  decrease  with  decreasing  wave 
length  and  hence  the  warm-cold  transition  wavelength 
discussed  in  the  earlier  sections  although  not  an  absolute 
limit  for  device  operation  is  a  useful  figure  of  merit  for 
estimating  the  high-low  gain  transition. 


CONCLUSIONS 


We  have  derived  expressions  for  the  frequency  and 
the  stimulated  emission  rate  for  Cerenkov  and  Cerenkov-Raman 


emission  processes.  In  the  limit  where  the  driving  electron 
beam  can  be  regarded  as  monoenergetic  the  growth  rate  rises 
with  frequency  (as  and  respectively)  for  both 
processes  and  hence  they  are  both  intrinsically  short 
wavelength  interactions.  Furthermore,  by  controlling  the 
filling  factor  and  the  relative  dielectric  constant  of  the 
dielectric  waveguide  resonators,  practical  operation  in  a 
regime  where  the  operating  wavelength  is  much  less  than  the 
characteristic  transverse  dimension  of  the  resonator,  has 
been  achieved.  The  fundamental  limitation  to  operation  of 
these  devices  in  the  collective  regime  at  short  wavelengths 
would  thus  appear  to  be  the  electron  beam  quality.  The 
dielectric  resonator  makes  use  of  beams  which  although 
substantial,  are  nevertheless  modest  when  compared  to  those 
used  in  other  short  wavelength  free  electron  radiation 
sources.  Operation  in  the  lower  part  of  the  mm  region  of 
the  spectrum  has  already  been  attained  and  operation  in  the 
submm  regime  appears  very  likely.  The  basic  dielectric 
resonator-electron  beam  technique  can  most  probably  be  made 
to  work  into  the  far  infrared  portion  of  the  electromagnetic 
spectrum.  The  basic  physical  principles  governing  free 
electron  radiation  sources  operation  is  very  much  the  same 
for  all  devices.  Hence  we  would  expect  that  in  general, 
devices  such  as  we  have  discussed,  would  work  at  as  short  a 
wavelength  as  any  other  free  electron  laser. 
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CERENKOV  AND  CERENKOV -RAMAN  MASERS:  EXPERIMENTS 
Kevin  L.  Felch,  Kenneth  0.  Busby, 

Robert  W.  Layman,  and  John  E.  Walsh 


INTRODUCTION 

A  recent  series  of  experiments  has  shown  the 
feasibility  of  producing  mm  microwaves  by  two  different 
methods  involving  the  interaction  of  a  relativistic  electron 
beam  and  a  dielectrically  lined  waveguide.  The  Cerenkov 
maser  produces  coherent  radiation  by  propagating  a 

i 

relativistic  electron  beam  down  a  cylindrical  waveguide, 
with  an  annular  dielectric  liner,  at  a  velocity  greater  than 
the  speed  of  light  in  the  dielectric.  The  use  of  the 
Cerenkov  interaction  as  a  source  of  microwaves  was  first 
introduced  by  Ginzburg^  in  1947,  and  since  then  several 
other  authors  have  dealt  with  the  problem.^ The  first 
Cerenkov  maser  experiments  to  produce  coherent  microwaves 
were  performed  at  Columbia  University  by  Walsh,  Marshall, 
and  Schlesinger  in  1975. ^ 
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The  Cerenkov-Raman  maser  involves  the  interaction  of 
a  relativistic  electron  beam  with  a  magnetic  wiggler  or 
"undulator ,"  as  it  passes  through  a  dielectrically  lined 
waveguide.  The  earliest  work^’^  involved  the  use  of 

nonrelativistic  electron  beams  for  the  amplication  of 
microwaves.  As  relativistic  field  emission,  high  current 
sources  became  available,  the  use  of  undulators  for  the 
production  of  high  frequency  coherent  microwaves  became 
possible.  In  addition,  a  series  of  tenuous  electron 

beam  experiments  have  been  performed  on  the  Stanford 

«  1  O 

University  superconducting  linear  accelerator.  All  of  such 
magnetic  wiggler  experiments  fall  into  the  broad  category  of 
free  electron  lasers.  These  initial  magnetic  wiggler 
experiments  used  cylindrical  waveguides  without  dielectric 
liners  as  resonant  structures. 

Following  the  suggestions  of  Ginzburg  and  of  Walsh 
and  Crew^,  we  inserted  a  dielectric  liner  into  the 
resonator  structure  to  lower  the  beam  energy  required  to 
V  obtain  a  given  output  microwave  frequency.  In  the  following 

we  describe  the  Cerenkov  radiation  and  Cerenkov-Raman 
scattering  experiments  as  performed  at  Dartmouth  College. 
Theoretical  treatments  of  this  specific  work  may  be  found  in 
the  references . 

THE  CERENKOV  EXPERIMENTS 

The  preliminary  experiments  performed  at  Columbia 
using  the  Cerenkov  interaction  to  produce  mm  microwaves 
yielded  microwave  powers  of  1  MW  at  frequencies  between  30 
and  60  GHz.  These  experiments  employed  a  1-10  KA,  .5  MeV 
electron  beam,  produced  by  a  field  emission  diode  source. 
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The  beam  was  directed  down  a  cylindrical  waveguide  with  an 
annular  dielectric  filler.  For  these  experiments  the  beam 
pulse  width  was  in  the  50  nanosecond  range  and  the 
repetition  rate  was  on  the  order  of  minutes.  ^ 

The  conversion  efficiency  of  these  experiments  was 
around  .1%.  With  this  figure  in  mind  it  was  felt  that  a 
cold,  lower  current  beam,  similar  to  those  used  in  present 
day  klystron  technology,  might  give  higher  conversion 
efficiencies  and  become  more  of  an  actual  nnn  microwave  tube. 

Using  these  ideas  as  a  guideline,  a  relativistic 
electron  beam  accelerator  was  constructed  at  Dartmouth 
College,  providing  an  electron  beam  capable  of  multi¬ 
microsecond  pulses  and  high  repetition  rates.  A  schematic 
of  the  accelerator  is  shown  in  Figure  1.  The  cathode  is 
either  a  dispenser  or  a  barium  oxide-coated  cathode,  which 
provides  a  solid,  cylindrical  electron  beam  of  up  to  30  A. 
Such  thermionic  cathodes  produce  electron  beams  with 
significantly  less  thermal  spread  than  do  those  produced  by 
field  emission  diodes.  A  pulse  from  a  pulse-forming  network 
is  passed  through  a  bifilar  pulse  transformer  to  the  cathode 
and  its  heater  transformer,  lowering  the  potential  from  0  to 
-200  kilovolts  for  4  to  6  microseconds.  The  machine  now 
runs  at  a  repetition  rate  of  1  to  7  pps .  ,  but  has  the 
ability  to  operate  at  200  pps.  The  electron  beam  is 
accelerated  through  a  hole  in  a  molybdenum  anode  which  is 
held  at  ground  potential.  The  beam  then  enters  the 
partially  filled  cylindrical  waveguide  and  continues  down 
the  tube  until  it  is  collected  by  a  faraday  cup. 

The  faraday  cup  is  connected  to  ground  through  a  1 
ohm  resistor,  enabling  curent  measurements  to  be  made. 
There  is  an  axial  magnetic  guide  field  of  2  KG  which 
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confines  the  electron  beam  to  the  axis  of  the  cylindrical 
waveguide . 

The  relative  proximity  of  the  cathode  and  anode  with 
respect  to  the  dielectrically  filled  waveguide  is  depicted 
in  Figure  2.  The  actual  magnetic  field  lines  of  the  guiding 
field  are  mapped  onto  the  resonator  structure.  The 
microwave  diagnostics  are  coupled  to  the  circular  waveguide 
by  means  of  a  stub  antenna  which  protrudes  out  of  the 
rectangular  waveguide  and  butts  up  against  the  quartz 
dielectric  in  the  cylindrical  guide.  The  antenna  is 
constructed  so  as  to  couple  to  the  radial  electric  fields  of 
the  ™Ql  circular  waveguide  mode,  the  mode  which  will  be 
excited  by  the  passage  of  an  axial,  relativistic  electron 
beam  in  close  proximity  to  the  dielectric  filler.  The 
rectangular  guide  directs  the  microwaves  out  of  the  vacuum 
system  to  where  measurements  of  power  and  frequency  may  be 
made . 

To  detect  the  microwaves,  ordinary  crystal  detectors 
of  the  1N23  and  1N26  variety  are  situated  in  standard  X  band 
and  K  band  mounts.  Power  measurements  are  then  made  using 
the  power  response  of  the  detector  crystals  and  measuring 
the  coupling  loss  out  of  the  cylindrical  resonator.  Both 
the  crystal  response  and  the  cylindrical  to  rectangular 
guide  coupling  loss  were  tested  and  calibrated  using  known 
sources  in  the  X,  K,  and  Ka  frequency  bands. 

Frequency  measurements  are  made  using  a  series  of 
high  pass  microwave  filters.  Microwaves  passing  through  a 
high  pass  filter  have  a  frequency  in  excess  of  the  cutoff 
frequency  for  that  filter.  A  range  of  such  filters  will 
serve  to  pinpoint  the  operating  frequency,  md  yield 
some  information  about  the  spectral  distribution. 
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Thus  far,  most  experimental  runs  have  employed 

quartz  as  a  dielectric  liner.  For  quartz,  the  dielectric 
constant  at  microwave  frequencies  is  3.78,  so  that  the 
Cerenkov  condition,  8  >1,  is  satisfied  for  g  *.514, 

Y  *1.17,  giving  an  accelerating  voltage  of  87  RV  as  the 
Cerenkov  "turn-on"  voltage  for  the  electron  beam.  The 
quartz  filler  shown  in  Figure  2  has  an  inner  diameter  of  .95 

cm  and  an  outer  diameter  of  1.91  cm.  The  quartz  tube  is 

suspended  in  a  concentric  cylindrical  copper  tube  of  2.54  cm 
in  diameter . 


RESULTS  OF  THE  CERENKOV  EXPERIMENTS 

Data  for  a  typical  shot  are  shown  in  Figure  3, 
including  simultaneous  traces  of  the  microwave  output  and 
beam  voltage  and  current.  Microwave  pulses  of  between  5mV 
and  2V  in  amplitude  and  100  nanoseconds  to  1.5  microseconds 
in  width  have  been  detected.  The  pulses  occur  on  or  near 
the  peak  of  the  voltage  pulse  in  time.  Pulses  begin 
occurring  at  voltages  between  90  and  110  KV  as  required  by 
the  Cerenkov  condition  and  continue  at  voltages  of  up  to  200 
KV.  Beam  currents  of  between  100  and  500  mA  are  sufficient 
to  initiate  strong  microwave  production  and  higher  currents 
of  between  2  and  10  A  result  in  an  increase  in  microwave 
pulse  height,  up  to  the  limits  of  the  detector  diodes.  In 
addition,  higher  currents  tend  to  broaden  the  pulse  as  well 
as  render  the  miciowave  output  more  consistent  and  uniform. 

It  should  be  noted  here  that  the  detection  system 
used  in  the  above  measurements  was  initially  tested  using  an 
iris-loaded  waveguide  structure  driven  by  the  electron  beam. 
Also,  many  null  runs  were  carried  out  using  no  dielectric 
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Figure  3 
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Typical  Cerenkov  microwave  pulse  with  simultaneous 
beam  voltage  and  current  traces. 
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Cerenkov  microwave  pulses  with  and  without  filters 
and  associated  beam  voltage  and  current  traces. 
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filler  in  Che  waveguide,  with  the  expected  results  that  no 

i 

microwave  radiation  was  detected,  whatsoever.  Finally, 
recent  runs  using  only  the  quartz  filler  and  no  outer 
metallic  circular  waveguide  have  yielded  similar  results  to 
those  observed  with  the  waveguide  in  place.  There  are 
indications  that  this  type  of  structure  might  be  more 
efficient  in  converting  electron  beam  energy  into  microwave 
power  over  a  narrow  bandwidth. 

Frequency  measurements  on  the  microwave  pulses 
indicate  that  the  nominal  operating  frequency,  using  the 
present  quartz  filler  and  waveguide  structure,  is  between  AO 
and  A 5  GHz. 

There  is  also  evidence  that  more  than  one  frequency 
is  obtained  in  a  given  microwave  burst.  Simultaneous 
observations  of  a  single  microwave  pulse  through  a  filter 
and  an  unfiltered  parallel  coupler  is  shown  in  the  third  and 
fourth  oscilloscope  traces  of  Figure  A.  Note  the  way  that 
peaks  from  the  filtered  pulse  differ  from  those  of  the 
unfiltered  pulse.  Using  the  same  set-up,  except  without  a 
filter,  the  fifth  and  sixth  pulses  in  Figure  A  were  taken 
simultaneously  a  few  shots  later.  Since  the  last  two  traces 
are  quite  similar,  the  differences  in  the  third  and  fourth 
traces  appear  to  be  due  to  the  presence  of  multiple 
frequencies . 

Since  the  coupling  out  of  the  cavity  is  of  a 
resonant  nature  the  cavity  tuning  becomes  important.  For 
the  present  experiment  this  means  that  resonator  tuning  may 
be  limiting  the  actual  range  of  frequencies  produced  by  the 
interaction  of  the  beam  and  the  loaded  waveguide  and  that 
power  detected  outside  may  be  significantly  less  due  to  the 
lack  of  optimal  resonator  tuning. 
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Using  the  set  of  high  pass  filters  mentioned 
previously,  the  spectral  distribution  of  the  microwaves 
seems  quite  sharply  peaked  around  40-45  GHz  with  perhaps 
several  smaller  peaks  of  lower  frequency  and  virtually 
nothing  at  frequencies  above  45  GHz. 

With  the  power  measuring  considerations  previously 
mentioned,  microwave  pulses  of  between  500  W  and  1  KW  in 
peak  power  have  been  detected,  with  100  W  seiving  as  a  very 
conservative  lower  peak  power  limit.  These  numbers  include 
a  10-15  db  coupling  loss  and  a  10-15  db  drop  due  to  the 
detection  system  as  shown  by  calibration  with  known  sources 
near  our  operating  frequencies.  This  20-30  db  figure  when 
added  to  the  1  W  signals  detected  outside  gives  the  100  W  to 
1  KW  power  measurements.  Conversion  efficiencies  are  from 
IX  to  10%.  The  higher  value  is  due  to  the  strong  output 
that  occurs  with  electron  beam  currents  as  low  as  100  mA. 
Table  1  summarizes  these  results  and  the  electron  beam 
parameters . 

Table  1 

Summary  of  Results  for  Cerenkov  Experiments 
MICROWAVES: 

Frequency  -  40  to  45  GHz 
Power  -  500  W  to  1  KW  Peak 
Pulse  Width  -  100  nS  to  1.5  microseconds 
ELECTRON  BEAM: 

Voltage  -  100  to  200  KV 
Current  -  . 1  to  10  A 
Repetition  Rate  -  up  to  7  Hz 
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By  changing  Che  diameter  of  Che  cylindrical 
waveguide  and  by  experimenting  with  liners  of  different  wall 
thicknesses  and  dielectric  constant  the  frequency  of  the 
device  may  be  readily  tuned  to  higher  or  lower  operating 
frequencies.  Optimization  of  resonator  tuning  and  microwave 
output  coupling  will  serve  to  enhance  the  conversion 
efficiencies  already  detected.  Experiments  with  these  ideas 
in  mind  are  now  being  performed  at  Dartmouth  College. 


THE  CERENKOV-RAMAN  SCATTERING  EXPERIMENTS 


A  single  particle  picture  for  Cerenkov-Raman 
scattering  is  shown  in  the  inset  in  Figure  5.  A  magnetic 
undulator  serves  as  the  pump  photon  in  the  scattering 
process  and  is  represented  by  an  excitation  with  wave  number 
kp“2  ir/Ap  (1  p  is  the  undulator  period),  and  pump 
frequency  zero.  An  electron  moving  along  the  axis  of  the 
undulator  is  scattered  and  emits  photons.  If  the  process 
takes  place  in  a  dielectric  then  we  call  the  interaction 
Cerenkov-Raman  scattering  where  the  frequency,  to  s,  of  the 
emitted  photon  is: 


(i) 

s 


ck  6 

_ L . _ 

1  -  6n 


(1) 


The  velocity  of  the  electron  is  v  ■  £  c  and  n  ■  (e  is 
the  index  of  refraction  of  the  surrounding  medium.  As  Bn 
approaches  1,  the  the  upscattering  becomes  infinite  in  the 
approximation  where  dispersion  and  recoil  are  neglected. 

In  the  experiment,  the  magnetostatic  pump  wave 
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Figure  5.  Dispersion  relations  for  waveguide,  electron 
beam,  and  undulator. 


Figure  6.  Plot  of  scattered  frequency  vs.  electron  beam 

voltage  for  empty  and  partially  filled  waveguides 
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couples  the  electron  beam  to  a  waveguide  mode.  The 
dispersion  for  the  waveguide,  the  electron  beam,  and  the 
undulator  are  shown  in  Figure  5.  The  electron  beam,  which 
can  support  either  a  plasma  or  a  cyclotron  mode,  is  assumed 
to  be  cold.  The  dispersion  of  the  zero- frequency  pump  is  a 
horizontal  line  segment  with  length  kp*  27r/Xp. 

The  condition  for  interaction  is  that,  at 
any  given  frequency,  the  difference  in  wavenumber  between 
the  waveguide  and  beam  modes  must  be  equal  to  kp.  As  the 
beam  velocity  is  increased  from  zero,  there  exists  a  minimum 
velocity  for  interaction  at  a  single  frequency.  As  the  beam 
velocity  is  raised  still  further,  the  interaction  splits 
into  two  branches.  One  branch  tends  toward  higher  frequency 
as  the  beam  velocity  increases,  and  the  other  branch  tends 
toward  the  waveguide  cut-off.  Two  examples  with  unfilled 
and  partially  filled  waveguides  are  shown  in  Figure  6. 

In  comparison  with  the  empty  guide,  the  interaction 
with  a  partially  filled  waveguide  turns  on  at  a  lower  beam 
voltage  and  raises  faster  in  frequency  as  a  function  of 
voltage.  For  all  cases  considered  in  the  present  paper,  Sn 
<  1,  such  that  we  are  below  the  Cerenkov  threshold. 

The  experimental  apparatus  is  again  shown  in  Figure 
1.  Beam  currents  range  from  1  to  30  A,  and  are  measured  by 
a  Pearson  current  transformer,  since  no  faraday  cup  is  used 
in  these  experiments.  The  electron  beam  is  guided  through  a 
circular  waveguide  to  the  undulator  by  an  external  magnetic 
field.  The  undulator  consists  of  alternating  aluminum  and 
iron  washers  of  . 5  cm  in  thickness,  providing  a  1  cm  ripple 
period.  A  schematic  of  the  undulator  and  resonator 
structure  is  shown  in  Figure  7.  Inside  the  undulator,  the 
magnetic  field  is  the  guide  field  plus  an  8)1  ripple  in  the 
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gure  7.  Schematic  of  anode,  cathode,  undulator,  and  resonator  for  Cerenkov- Raman  experiment. 
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z-component  and  a  ripple  in  the  radial  direction  determined 
by  V  •  ■  0.  The  interaction  area  is  within  the 

undulator,  and  is  lined  with  an  annular  dielectric 
filler. 

As  the  beam  emerges  from  the  undulator,  it  is  guided 
by  diverging  magnetic  field  lines  and  deposited  onto  the 
inside  surface  of  the  waveguide  instead  of  collected  in  a 
faraday  cup  as  done  in  the  Cerenkov  radiation  experiments. 
The  microwaves  travel  from  the  interaction  area  down  the 
waveguide  through  a  circular  to  rectangular  waveguide 
transition  and  into  the  diagnostics.  Transitions  are  used 
to  reduce  reflections  to  insure  that  the  machine  works  in  a 
superradiant  mode.  A  .030  inch  thick  teflon  vacuum  seal  is 
placed  behind  the  transition. 

RESULTS  OF  THE  CERENKOV-RAMAN  SCATTERING  EXPERIMENTS 

Simultaneous  oscilloscope  traces  of  beam  voltage, 
beam  current,  and  the  resulting  radiation  pulses  are  shown 
in  Figure  8.  The  top  set  of  traces  represents  data  for  the 
vacuum  Raman  scattering  case  with  no  dielectric  liner.  The 
bottom  set  shows  the  results  of  inserting  a  polypropylene 
liner.  As  the  beam  voltage  is  increased  from  zero,  a  "turn¬ 
on"  voltage  is  observed,  corresponding  to  the  lowest  voltage 
at  which  radiation  is  detected.  As  the  voltage  is  increased 
past  this  threshold  voltage,  the  radiation  pulse  broadens 
out  symmetrically  about  the  high  voltage  pulse.  As  shown  in 
Figure  8,  and  listed  in  Table  2,  the  threshold  voltage  for 
Cerenkov-Raman  scattering  is  considerably  less  than  the 
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o.  EMPTY  WAVEGUIDE 
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b.  DIELECTRIC-LINED  WAVEGUIDE 
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Figure  8.  a).  Microwave  pulse  and  simultaneous  beam  voltage 

and  current  traces  for  Raman  scattering  in  an 
empty  waveguide. 

b).  Microwave  pulse  and  simultaneous  beam  voltage 
and  current  traces  for  Cerenkov-Raman  scattering 
in  a  dielectric-lined  waveguide. 


threshold  voltage  for  vacuum  Raman  scattering.  Using  high 
pass  frequency  filters,  initial  characteristics  of  the 
frequency  content  of  the  microwave  pulses  may  be 
investigated.  As  expected,  the  results  of  such  frequency 
measurements  show  that  higher  frequency  microwaves  are 
associated  with  higher  voltages  and  that  for  microwave 
pulses  within  a  given  frequency  window  of  60*70  GHz,  the 


corresponding  high  voltage  is  much  lower  for  the 
polypropylene-lined  waveguide  than  for  the  empty  waveguide. 
These  two  points  reveal  the  nature  of  the  frequency  upshift 
in  going  from  vacuum  Raman  scattering  to  Cerenkov-Raman 
scattering . 

In  addition  to  the  voltaee-dependent  high  frequency 

radiation,  we  have  also  detected  the  lower  frequency 

radiation  at  about  the  cutoff  frequency  of  the  TEqj 

circular  waveguide  mode  in  the  vacuum  Raman  scattering 

regime.  This  lower  frequency  branch  also  begins  appearing 

at  the  threshold  voltage,  but  the  frequency  remains  nearly 

constant  as  the  voltage  is  increased.  Measurements  of  this 

lower  frequency  branch  are  made  using  interferometric 

techniques.  The  low  frequency  branch  for  the  Cerenkov-Raman 

scattering  case  has  yet  to  be  observed.  Power  measurements 

indicate  that  the  low  frequency  branch  contains  considerably 

more  microwave  power  than  the  high  frequency  branch.  For  a 

typical  80  KV,  10  A  electron  beam,  vacuum  Raman  scattering 

power  conversion  efficiencies  of  0. IX  to  IX  and  0.01X  to 

0. IX  are  estimated  for  the  lower  and  upper  frequency 

branches,  respectively.  For  the  upper  branch  of  the 
.  '  v 

Cerenkov-Raman  microwaves,  power  efficiencies  of  0.001X  to 

0.01X  are  obtained. 

It  is  found  that  by  decreasing  the  strength  of  the 
magnetic  field,  a  magnetic  field  threshold  may  be  observed. 
Also,  preliminary  results  indicate  that  the  frequency  of  the 
upper  branch  may  be  raised  by  increasing  the  magnetic  field 
strength,  and  hence  the  strength  of  the  pump  field,  while 
the  lower  frequency  branch  is  relatively  unaffected  by 
magnetic  field  strength  in  excess  of  the  threshold  magnetic 
field . 
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The  results  of  using  circular  waveguides  of 
different  diameters,  with  and  without  dielectric  liners,  are 
summarized  in  Table  2.  The  same  basic  tendencies  concerning 
the  existence  of  the  two  frequency  branches  and  the 
frequency  upshift  in  going  from  vacuum  to  Cerenkov-Raman 
scattering  have  been  observed. 

Numerous  experimental  runs  have  also  been  performed 
with  a  3  cm  period  undulator  and  an  empty  waveguide.  Using 
beam  voltages  of  up  to  200  KV,  no  microwaves  at  all  were 
detected  with  this  undulator  spacing.  Using  the  same 
techniques  employed  in  producing  Figure  6,  we  find  that  the 
threshold  voltage  for  a  3  cm  spacing  is  290  KV,  explaining 
why  no  radiation  was  detected  using  lower  voltages.  No 
Cerenkov-Raman  scattering  runs  using  the  3  cm  undulator  have 
been  performed. 

If  we  use  the  experimental  parameters  used  to  obtain 
the  above  results  and  employ  our  simple  model  to  predict  the 
dependencies  of  frequency  on  beam  voltage  and  magnetic 
field,  we  obtain  the  results  listed  in  the  second  portion  of 
Table  2.  The  cyclotron  beam  mode  is  used  since  the 
radiation  does  exhibit  strong  dependence  on  the  magnetic 
field  and  better  agreement  is  obtained  using  the  cyclotron 
mode  rather  than  the  space  charge  mode.  The  theoretical 
magnetic  field  thresholds  shown  in  Table  2  were  calculated 

Y 

by  finding  the  minimum  magnetic  field  (and  thus  the  minimum 
cyclotron  frequency)  required  for  interaction  at  an  electron 
kinetic  energy  of  60  KeV.  In  comparing  theoretical  and 
experimental  results,  we  note  that  the  agreement  is 
generally  good.  The  only  discrepancies  crop  up  in  comparing 
theoretical  and  experimental  threshold  voltages,  but  these 
values  do  show  the  correct  tendencies  for  empty  and 
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dielectrically  lined  waveguides.  The  magnetic  field 

* 

thresholds  agree  reasonably  well  and  the  frequency  of  the 
lower  branch  is  in  excellent  agreement.  Since  the  frequency 
of  the  upper  branch  varies  greatly  with  magnetic  field  and 


Table  2 

Summary  of  vacuum  Raman  and  Cer enkov-Raman  Results 


Experimentally 

Vacuum  | 

Cerenkov 

-Raman 

Observed 

£  “2 

.25 

Results 

(Polypropylene) 

n 

.375" 

.5" 

.375" 

Empty 

Liner : 

Liner : 

■ 

Guide 

b/a-1.6 

b/a-2.0 

Voltage  Threshold 

60.0  KV 

80.0  KV 

30.0  KV 

40.0  KV 

Freq.  of  Low  Branch 

29.0  GHz 

38.0  GHz 

— 

— 

Freq.  of  High  Branch 

60.0  GHz 

70.0  GHz 

60.0  GHz 

— 

B  Field  Threshold 

5.5  KG 

— 

3.0  KG 

3.0  KG 

at  Voltage  of  60  KV 

From  Theory 

Waveguide:  TEq^  Mode 
Beam:  Cyclotron  Mode 

Voltage  Threshold 

40.0  KV 

115.0  KV 

10.0  KV 

30.0  KV 

Freq.  of  Low  Branch 

29.0  GHz 

38.0  GHz 

23.0  GHz 

28.0  GHz 

Freq .  of  High  Branch 

60.0  GHz 

70.0  GHz 

60.0  GHz 

— 

B  Field  Threshold 

5.0  KG 

8.4  KG 

2.4  KG 

3.6  KG 

at  Voltage  of  60  KV 
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beam  voltage,  exact  comparisons  between  theory  and 
experiment  are  difficult.  But  using  the  voltage  and 
magnetic  field  values  from  the  experimental  observations  of 
the  high  frequency  branch,  we  do  see  that  the  simple  theory 
does  predict  the  frequency  of  the  upper  branch  quite  well. 
Measurement  of  the  frequency  of  the  lower  branch  for  the 
dielectrically  lined  waveguide  runs  has  not  been  completed 
as  there  are  coupling  problems  caused  by  the  lower  cutoff 
frequency  of  the  partially  filled  waveguide  compared  to  the 
empty  waveguide . 


CONCLUSIONS 

In  summary,  we  emphasize  the  fact  that  the  ability 
to  produce  high  power  mm  microwaves  using  relativistic 
electron  beams  of  modest  voltages  has  been  demonstrated 
using  both  the  Cerenkov  and  Cerenkov-Raman  scattering 
mechanisms.  The  Cerenkov  microwave  generator  seems  to  have 
the  advantage  in  terms  of  conversion  efficiency,  while  the 
Cerenkov-Raman  scattering  scheme  can  operate  at  much  lower 
beam  voltages.  Both  mechanisms  do  appear  to  have  the 
requisite  capabilities  to  become  viable  high  power  mm 
microwave  sources  with  correct  optimization  of  the  various 
experimental  parameters. 
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ABSTRACT 


The  Cerenkov  Free  Electron  LASER  is  proposed  as  the  active 
medium  for  a  Maser  amplifier.  The  amplifier  will  function 
in  the  role  of  a  reflection  amplifier. 

A  geometry  is  proposed  and  the  dispersion  relation  derived. 
A  gain  lineshape  for  the  LASER  is  calculated  and 
parametr ically  analyzed.  The  reflection  amplifier  is 
concurrently  analyzed  to  compare  amplifier  performance  to 
the  active  medium  performance.  Several  methods  for 
increasing  gain  are  discussed. 

An  expression  for  power  in  the  superradiant  mode  for  the 
atomic  LASER  is  compared  with  an  analagous  expression  for 
the  Free  Electron  LASER. 
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CHAPTER  1 
INTRODUCTION 


Since  the  early  days  of  RADAR  in  World  War  II  considerable 
research  effort  has  been  expended  in  the  development  of 
short  wavelength  technology.  The  evolution  of  high  power 
millimeter  wave  sources  has  been  limited  by  the  fact  that 
conventional  sources  and  amplifiers  require  resonant 
cavities  of  the  same  scale  as  that  of  the  emitted  radiation. 
Examples  of  these  types  of  devices  are  the  klystron  and  the 
Traveling  Wave  Tube.  The  main  drawbacks  of  cavity  devices 
lie  in  the  high  frequency  regime  in  the  areas  of  component 
manufacturing,  energy  loss,  and  heat  dissipation.  This 
"restriction"  was  soon  to  be  abated  when  in  1953  Weber (WB) 
published  an  article  which  stated  that  amplification  should 
be  possible  using  a  "population  inversion"  phenomena.  The 
concept  of  inversion,  defined  mathematically  as  negative 
resistance,  was  used  in  the  years  immediately  following 
Weber's  article  as  the  basis  of  a  licrowave  amplifier  called 
the  MASER. 

The  need  for  an  amplifier  that  produces  short  wavelength 
tunable,  high  power,  coherent  radiation  has  been  well 
publicized  by  the  defense  and  communications  industries.  To 
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the  communications  engineer  the  short  wavelength 
sources/ amplifiers  provide  a  means  to  take  advantage  of  an 
operational  bandwidth  behavior  that  narrows  in  response  to 
increasing  frequency.  In  addition  higher  frequency  systems 
have  less  beam  divergence  for  more  efficient  long  distance 
communications  links.  For  defense  interests  the  shorter 
wavelengths  provide  a  greater  target  acquisition  capability 
and  a  reduction  in  the  probablility  of  intercept  or  jamming. 

The  MASER  and  a  concurrently  developed  device,  the 
parametric  amplifier  have  been  categorized  as  reflection 
type  amplifiers.  In  its  simplest  form  the  reflection 
amplifier  is  a  device  which  amplifies  by  reflecting 
radiation  possessing  a  greater  amplitude  than  that  of  the 
input  signal.  These  two  types  of  reflection  amplifiers,  the 
MASER  and  the  parametric  amplifier  have  assisted  in  this 
quest  for  higher  frequency,  tunable  devices. 

Recent  advances  in  the  development  of  the  Free  Electron 
LASER  have  permitted,  with  license,  the  suggestion  of  the 
possible  existence  of  a  Free  Electron  MASER.  The  Free 
Electron  MASER  would  function  in  a  manner  similar  in  nature 
to  the  microwave  MASER,  with  the  primary  difference  being 
that  the  active  MASER  medium(ruby)  would  be  supplanted  by  by 
the  oeam  driven  resonant  structure  of  the  Free  Electron 
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LASER.  One  of  the  disadvantages  of  the  MASER  is  that  its 
operating  range  is  governed  and  restricted  by  the  transverse 
dimensions  of  the  cavity  and  more  importantly  by  the  energy 
level  transitions  of  the  enclosed  medium.  With  the  Free 
Electron  LASER,  on  the  other  hand,  we  will  have  independence 
from  the  cavity  dimensions  and  population  inversion 
limitations. 

The  design  of  the  Free  Electron  MASER  is  relatively 
straightforward.  By  using  an  appropriate  coupling  network, 
a  low  dielectric  constant  medium,  and  a  mildly  relativistic 
electron  beam,  an  apparatus  could  be  built.  Subsequent 
analysis  in  this  paper  predicts  such  a  device  will  operate 
well  into  the  millimeter  and  submillimeter  ranges. 

Chapter  2  undertakes  a  brief  description  of  the  geometry  of 
the  beam  driven  dielectric  Free  Electron  LASER.  Through  the 
use  of  classical,  fluid  equations  and  Maxwell's  equations  we 
derive  a  dispersion  relation  which  relates  w  to  k  for  the 
beam  waveguide  system.  This  equation  shows  how  the  space 
charge  waves  of  the  beam  couple  to  the  electromagnetic  wave 
in  the  presence  of  the  dielectric.  From  this  dispersion 
relation  we  can  solve  for  the  spatial  gain  and 
parametrically  analyze  for  variations  in  beam  current,  beam 
energy,  and  resonator  radius.  Chapter  3  describes 
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qualitatively  MASER  operation  and  snows  how  the  Free 
Electron  LASER  can  De  used  as  the  active  medium  in  the 
reflection  amplifier.  The  reflection  process  is  modeled  by 
deriving  the  reflection  coefficient  of  a  TM  wave  incident  on 
an  active  dielectric  cylinder;  and  shows  that  the  reflection 
coefficient  assumes  a  value  greater  than  unity.  The 
spectral  distribution  of  the  reflection  coefficient  is 
discussed  along  with  the  response  of  the  peak  gain  resonant 
mode  and  its  relation  to  the  gain-bandwidth  product  for  the 
Free  Electron  MASER  amplifier. 

The  final  chapter  discusses  the  Free  Electron  LASER  analog 
of  the  optical  LASER  super radiance .  In  the  optical (atomic) 
LASER,  the  power  output  in  the  superradiant  mode  is 
proportional  to  the  square  of  the  population  inversion.  The 
proportionality  in  the  Free  Electron  LASER  is  shown  to  be 
the  square  of  the  beam  current. 
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CHAPTER  2 


FREE  ELECTRON  LASER  GAIN  ANALYSIS 

We  shall  be  treating  the  Free  Electron  LASER  only  through 
its  behavior  as  a  separate  element  in  a  lumped  circuit  and 
as  such  need  not  attempt  a  microscopic  description  of  the 
gain  producing  pnenomenon.  However,  we  need  to  analyze  the 
system  in  close  enough  detail  so  as  to  adequately  describe 
the  system  gain  and  to  determine  the  effects  on  the  gain 
lineshape  resulting  from  modification  of  the  system 
variables. 

The  Free  Electron  LASER  under  consideration  is  a  Cerenkov 
microwave  generator (1,2)  and  may  be  represented  as  an 
infinite  lenqth  of  a  cylindrical  isotropic  dielectric(  of 
radius  a)  contained  in  a  circular  metallic  wavequide.  The 
walls  of  the  waveguide  are  considered  to  have  infinite 
conductivity.  A  relativistic  electron  beam  is  Dropagated 
axially  through  the  dielectric  with  an  electron  velocity 
superluminal  for  the  dielectric  medium.  We  neglect  the 
microscopic  environment  of  each  electron  and  confine  our 
interest  to  the  collective  phenomena.  We  can  thus  use 
macroscopic  plasma  equations  to  describe  the  behavior.  The 
electron  motion  is  considered  to  be  a  cold  plasma  with  no 
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thermal  velocity  dispersion.  The  electron  motion  is 
rendered  unidirectional  by  the  application  of  an  external 
magnetic  field.  Bo  which  maintains  field  lines  parallel  to 
the  axis  of  the  cylinder.  A  sketch  of  the  geometry  as 
described  above  is  given  in  Fig.II-1. 

We  tacitly  assumed,  for  convenience,  that  the  beam 
propagates  through  the  dielectric;  but  the  problems 
associated  with  the  beam  propagation  through  the  dielectric 
deserve  some  comment.  By  using  a  solid  dielectric  the  beam 
would  have  difficulty  propagating  through  the  resonator. 
The  electron  beam  would  obviously  lose  much  of  its  energy  in 
collisional  ionization  o*  the  dielectric.  Two  solutions  to 
this  problem  are  to  provide  for  a  channel  for  beam 
propagation  or  to  use  a  less  dense  gaseous  dielectric.  The 
beam-channel  concept  is  the  most  feasible  and  has  been 
previously  studied  for  use  in  the  Free  Electron  LASER (3 , 
4,5).  For  conceptual  purposes,  however,  our  analytical 
assumption  of  the  solid  geometry  is  convenient.  This 
geometry  greatly  simplifies  the  boundary  conditions  and  the 
results  from  the  solid  dielectric  geometry  do  not  depart 
radically  from  the  more  difficult  beam  channel  analysis. 
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It  is  instructive  to  discuss  qualitatively  the  process  that 
occurs  in  the  amplifier.  The  pump  radiation  source  produces 
an  input  wave  which  establishes  normal  modes  of  vibration 
appropriate  for  the  geometry  of  the  resonator.  The 

i 

electromagnetic  fields  of  the  incoming  wave  will  interact 
with  the  electron  beam  to  cause  a  redistribution  or 
modulation  of  the  electron  velocities-  thus  causing  bunching 
in  the  beam.  If  a  greater  numoer  of  electrons  are  caused  to 
give  up  energy  to  the  wave  than  absorb  energy  from  the  wave, 
a  gain  condition  exists  and  the  wave  will  grow  until  the 
gain  saturates.  The  amplified  radiation  can  then  be  coupled 
from  the  resonator  through  an  appropriate  network. 


The  cold  beam  dispersion  relation 


Our  first  step  in  a  more  rigorous  analysis  is  to  determine 
the  modulated  current  density.  With  that  in  hand  we  can  use 
the  perturbed  current  density  as  the  source  term  in 
Maxwell's  equations  in  order  to  couple  the  beam  to  the  wave 
in  the  dielectric  and  then  write  the  wave  equation.  Prom 
the  wave  equation,  the  dispersion  relation  for  the  wave  in 
the  dielectric  resonator  may  be  determined.  Once  we  have  an 
appropriate  analytical  expression  for  the  dispersion 
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relation  we  can  solve  for  the  spatial  gain  of  the  Free 
Electron  LASER. 

If  the  TM  mode  is  assumed  to  be  the  mode  in  the  guide,  then 
the  field  components  may  be  written: 


(£rr  *  Et  i) 

6* 


We  can  couple  the  axial  electric  field  the  electron  beam 
through  Maxwell's  Equations.  As  a  starting  point  we  to 
assume  a  macroscopic  MHO  description  and  use  the  equations 
of  plasma  physics.  Thus  we  begin  by  applying  small 
amplitude  oscillations  to  Newton' s  second  law: 

V*  V0+Vj 

Et'  E4 


and  after  Fourier  transforming  the  perturbed  velocity  may  be 
expressed : 

-leE, 


m 


The  linearized  equation  of  continuity  and  Fourier 
transformation  allows  us  to  write  the  modulated  Darticle 


Oi 


number  in  terms  of  the  unperturbed  numoer  and  VI: 

V> 
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Using  equation  1,  equation  2  may  be  rewritten: 


Hi  *  -  b  i 

m'JS4  (w-LV.^ 


If  we  linearize  the  Fourier  transformed  current  density  and 
use  equations  1  and  3/  J1  can  be  expressed: 


**  l  u  £  j 
4  IT  ^(c^ky*)1 


;  ^b*  } 

tv\ 


We  now  need  to  couple  the  perturbed  current  density  to  the 
waveguide  modes  through  Maxwell's  Equations.  writing  the 
wave  equation  in  cylindrical  components  and,  recalling  the 
field  components  of  E,  Er  becomes: 


t1-  w*e/c* 


C5] 
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Using 
as : 


the  axial  part  of  ,  the  wave  equation  can  be  given 


eV  (w-ltVe)1 


If  we  now  impose  the  boundary  condition  that  Et  must  vanish 
on  the  walls  of  the  guide  and  expand  the  radial  component 
of  El  in  a  3essel  series: 

e,  x  (  ^  A(w>)  3o(P*r)\ 

We  can  then  substitute  the  series  definition  into  equation  6, 
and  from  that  we  may  write: 

M 


This  expression  is  defined  to  be  the  cold  beam  dispersion 
relation  for  any  mode  of  the  Free  Electron  LASER  systera(6) . 


D(0J>)  -  CO1- U)L  -  Ub  (wl-  cV- \  T  Q 

€ 

€**  ^C0-kVo)* 

wneae:  coot« 
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To  make  this  dispersion  relation  more  responsive  to  real 
physical  parameters,  sucn  as  beam  current,  beam  energy,  and 
resonator  geometry,  it  is  only  necessary  to  transform  to 
an  analytical  expression  containing  these  variables.  Prom 
plasma  physics  we  know  that-ft^is  defined  to  be: 

rr> 

Assuming  that  the  pcopagatinq  beam  is  of  a  cylindrical 
geometry  the  current  can  be  written: 

I*  -enAv 

where:  A*  TTa* 

and:  a*radius  of  the  beam  cylinder 

This  implies  that  particle  density  can  be  expressed: 

n*  1X1 
CAv 


Now  Io  is  defined  to  be: 
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where:  rose/mc*  which  is  the  classical  electron  radius. 
Thus  the  original  equation  for  the  beam  plasma  frequency  can 
be  rewritten: 

CJb*  4 

XoQ>a* 


Equation  7,  in  a  simple  way,  relates  k  to  w  by  way  of  the 
coefficients  of  an  equation  quartic  in  k  and  w.  If  the  beam 
plasma  frequency  is  initially  set  equal  to  zero.  Fig.  II-2, 
the  resulting  plot  of  the  dispersion  relation  would  describe 
the  behavior  of  an  electromagnetic  wave  propagating  in  a 
dielectric  waveguide.  The  phase  velocity  of  this  wave  at 
any  point  on  the  curve  is  the  slope  of  the  line  connecting 
that  point  to  the  origin  of  the  axes.  The  asymptote  plotted 
is  w»ck/^£  and  the  slope  is  defined  as  light  speed  in  the 
dielectric  medium.  As  we  can  see,  the  entire  dispersion 
relation  remains  above  the  asymptotic  limit,  thus,  each 
waveguide  mode  has  a  phase  velocity  greater  than  the  light 
velocity  in  the  medium.  As  a  result,  the  coupling  of  an 
electron  beam  to  any  one  of  the  cavity  modes  will  permit  a 
Cerenkov  interaction  to  occur.  Tne  w  versus  k  plot  in  Fig. 
II-3  contains  the  beam  velocity  line  w*ck$  and  assumes  a 
small  but  finite  value  for  the  beam  plasma  frequency  .  As 
can  be  seen  the  beam  velocity  line  will  intersect  the 


/o 

i/- 


Fig.li-3.  The  beam  is  introduced  into  the  system, 
point  of  synchronise 


is  the 
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dispersion  relation  wnenever  the  Deam  itself  has  a  greater 
than  light  velocity. 

The  point  of  intersection  of  the  two  lines  is  where  the 
greatest  interaction  of  the  electron  beam  and  the  guide 
should  occur.  This  intercept,  known  as  synchronism,  shows 
the  conditions  where  the  phase  velocity  of  the 
electromagnetic  waves  propagating  in  the  dielectric  is  equal 
to  the  electron  velocity.  This  coupling  of  the  waves  and 
beam  permits  an  energy  exchange  to  occur  between  the 
electrons  and  the  modes  of  the  axisymmetr ic  resonator.  We 
can  thus  infer  from  the  strength  of  the  interaction  that  the 
synchronous  frequency  is  the  frequency  -here  maximum  gain 
will  be  observed  for  our  reflection  amplifier. 

Gain  Calculations 

Knowing  equation  7,  we  can  solve  for  the  spatial  gain  of  the 
Free  Electron  LASER  by  finding  the  imaginary  roots  of  k  in 
terms  of  w  and  other  physical  variables. 

Equation  7  may  be  expanded  and  written  in  descending  powers 
of  k.  The  coefficients  of  each  power  of  k  clearly  are  a 
function  of  w,  radius,  beam  velocity  ,  and  other  variables. 
The  solution  for  an  analytical  expression  for  the  imaginary 


l/ 


22 

root  of  k  is  a  time  consuming  task  but  is  easily 
accomplished  numerically.  A  computer  program  was 
written (Appendix  1)  which  solved  for  the  imaginary  roots  of 
the  dispersion  relation.  For  a  given  beam  velocity, 
resonator  length,  and  radius  a  spectral  line  profile  for  the 
gain  can  be  computed  and  plotted.  An  example  of  such  a  gain 
envelope  is  provided  in  Fig.  II-4.  In  Fig.  II-4  we  have  a 
plot  of  Im  k(gain)  versus  w/c.  Tnis  plot  was  done  for  a 
beam  current  of  10  Amps,  beam  velocity  of  .614c,  and  a 
resonator  radius  of  4mm.  Tne  important  factor  to  observe  is 
that  there  exists  finite  gain  for  the  system  up  to  the 
synchronous  frequency?  after  which,  the  gain  quickly  drops  to 
zero.  Since  we  are  interested  in  a  device  whose  operating 
regime (synchronism)  is  in  the  millimeter  wavelengths  we  will 
want  the  synchronous  frequency  to  be  as  high  as  possible. 
In  analyzing  how  the  synchronous  frequency  and  gain  behaves, 
we  shall  find  the  wavelength  of  the  output  to  depend  on  two 
areas  of  influence:  electron  beam  characteristics,  and  the 
geometric  parameters  of  the  resonator.  We  shall 
investigate,  in  detail,  the  effects  on  the  gain  due  to 
changes  in  the  oeam  velocity,  beam  current,  and  the  radial 
dimension  of  the  resonator. 


Parametric  Analysis 


L ineshape 
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One  of  the  key  variables  in  the  dispersion  relation  is  the 
electron  beam  current.  Figures  11-5  and  II-6  are 
representative  of  plots  of  gain,  as  a  function  of  frequency 
for  two  geometrically  identical  systems  except  for  differing 
beam  currents.  They  show  how  the  lineshape  responds  when 
tne  beam  current  is  2  amperes  and  11  amperes.  With  the 
lower  beam  current  (Fig.  II-5)  the  peak  gain  is  less  than 
that  ooserved  for  the  higher  beam  current.  At  the  same  time 
the  monochromaticity  of  the  lineshape  also  changes.  A  quick 
look  at  the  two  plots  show  the  ODvious  lineshape  broadening 
of  the  gain  curve  in  the  high  gain  regime  as  compared  to 
the  lower  peak  gain.  Thus  the  higher  peak  gain  is 
associated  with  a  broader  spectral  gain.  The  change  of  the 
beam  current  does  not  effect  the  location  of  the  gain  peak, 
which  is  the  point  of  the  synchronous  frequency.  This  is 
due  to  the  fact  that  the  synchronous  point ( intersection  of 
the  D(w,k)  curve  and  the  beam  energy  line)  remains  stable 
during  the  beam  current  variations. 

If  beam  current  and  resonator  radius  are  maintained, 
variations  in  line  shape  from  changes  in  beam  velocity  may 
be  analyzed.  In  Figures  II-7  and  II-8,  we  can  see  the 
behavior  as  Q)  is  varied  from  .615  to  .90.  The  shape  of  the 
curve(to  include  the  half-width)  remains  invariant  during 
the  velocity  shift  with  the  only  difference  being  a 
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Fig*  I 1-5 ,  Gain  as  Function  of  w/c 
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slightly  higher  peak  gain  exhibited  at  the  uoper  end  of  the 
beam  velocity  spectrum(the  peak  gain  actually  increases  by 
the  one-third  power  of  w,  see  Appendix  2).  The  important 
point  to  note  is  the  significant  change  in  the  interaction 
frequency.  Fig.  II-9  shows  the  rapid  increase  in 
interaction  frequency  as  the  beam  velocity  is  reduced  from 
.90  to  .60.  The  lower  the  value  of  the  higher  we  observe 
the  frequency  of  the  synchronous  point.  This  is  not 
unexpected.  Referring  back  to  Fig.  11-3  we  see  that  as  we 
decrease  the  beam  enecgy(decrease  slope)  the  synchronous 
point  shifts  farther  up  the  dispersion  relation  curve  and 
has  a  higher  interaction  frequency.  This  shift  of 
interaction  frequency  is  noteworthy  and  the  importance  of 
this  behavior  should  not  be  forgotten  during  our  search  for 
devices  that  function  at  the  higher  end  of  the  microwave 
frequency  spectrum. 

We  can  show  the  effect  on  tne  gain  and  the  synchronous 
frequency  due  to  the  introduction  of  changes  in  the 
longitudinal  and  radial  dimensions  of  the  resonator.  If  the 
length  is  changed,  as  in  any  resonant  structure,  only  the 
longitudinal  modes  will  be  effected,  and  this  is  of  little 
interest.  Variations  of  the  radial  parameter  does  produce  a 
relevant  response.  Figs.  11-10  and  11-11  give  the  gain 
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Fig.  11-11,  Gain  Lineshape  for  Larger  Radius 


lineshape  response  for  two  identical  systems  with  differing 
radii.  In  a  comparison  between  the  two  curves  we  see  no 
change  in  peak  gain  or  spectral  distribution.  But  for  the 
smaller  radius,  however,  the  interaction  frequency  occucs  at 
a  higher  frequency  than  that  of  the  larger  radius.  This 
variation  in  coupling  frequency  in  terms  of  radius  may  be 
seen  more  clearly  in  Fig.  11-12  where  interaction  frequency, 
wh  ,  is  plotted  as  a  function  of  the  radial  dimension.  In 
the  range  of  small  radii  the  operating  frequency  shows  a 
dramatic  exponential  "growth".  we  can  see,  therefore,  that 
in  the  same  manner  as  discussed  previously  this  "tuning" 
effect  could  oe  used  to  design  output  performance  at  a 
specific  frequency  by  the  proper  scaling  of  the  resonator. 


If  the  beam  velocity  and  resonator  radius  are  varied 
concurrently,  some  extremely  high  operating  frequencies  may 
be  predicted.  A  realistic  lower  limit  on  the  resonator 
radius  can  be  established  at  1.5mm.  This  1.5mm  limit  is  a 
high  voltage  engineering  restriction  derived  primarily  from 
the  difficulty  of  focusing  an  electron  beam  any  smaller  than 
1mm.  with  the  radius  established  at  1.5mm,  the  beam 
velocity  is  reduced  to  .55c.  Fig.  11-13  shows  that  when  the 
system  is  configured  with  the  radius  and  beam  velocity 
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Fig.  11-12,  Plot  of  Operating  Frequency  vs  Radius 
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descrioed,  an  operating  frequency  of  1103Hz  is  predicted. 

Cold  Beam  Limit 

In  the  preceeding  discussion  of  Free  Electron  LASER  gain  we 
have  made  the  explicit  assumption  that  the  device  will 
operate  in  the  cold  beam  limit.  This  means  that  the 
electron  beam  is  monoenergetic  and  is  not  affected  by  a 
velocity  broadening.  The  cold  beam  criterion  is  primarily 
determined  by  observing  the  velocity  distribution  from  the 
zero  order  beam  velocity.  If  we  look  at  the  velocity  of  the 
slow  and  the  fast  space  charge  waves  associated  with  the 
beam  as  compared  to  the  zero  order  beam  velocity  the  a  (w/k) 
can  be  shown  to  be  equal  to: 

&vb=Vo-v  ,  _Wb 

kV'1 

Using  this  expression  for  Avb  we  define  "coldness"  in  the 

beam  to  imply  that  the  beam  velocity  spread  be  much  less 

than  AVb.  From  the  same  expression,  we  can  define  a  warm 

beam  as  having  a  velocity  spread,  AVb: 

AVk-s.  U)b 

*oVt  k 
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From  these  relations^  a  transitional  wavelength  between  tne 
warm  beam  and  cold  beam  regions  may  be  derived.  Writing  Ci7b 
in  terms  of  beam  current,  as  before,  and  taking  k  to  be  2ir/\ 
trans,  we  can  substitute  into  the  expression  for  AVb  and 
show  that: 


•iron* 
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Considering  our  present  Free  Electron  LASER  qeometry,  and  a 
14  energy  spread  from  the  thermionic  electron  gun,  and  with: 

V  *1.2 

a*4jijj) 

Io*l 7000  Amps 
1*100  Amps 

a  transition  wavelength  is  determined  to  be  1.1mm.  With  the 
desired  operating  regime  of  the  amplifier  to  be  in  the  90- 
100  GHz  range, we  are  well  above  the  cold  beam  limit. 


In  addition  to  being  a  convenient  approximation,  in  order  to 
insure  that  the  device  will  perform  optimally  in  the  role  as 
an  amplifier,  it  will  be  necessary  to  operate  in  the  cold 
beam  limit.  If  a  gain  analysis,  similar  to  the  preceeding 
gain  analysis,  is  performed  in  the  limit  of  a  warm  electron 
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aea.ri,  the  following  contrast  to  cold  beam  oehavior  may  be 


arawn.  Tne  peak  gain  at  synchronism  for  the  cold  beam 
approximation  exnibits  a  growth  proportional  to  the  one- 
third  power  of  the  frequency.  When  the  Wtrans  is  exceeded 
the  gain  curve  for  the  warm  beam  device  demonstrates  a 
behavior  and  shape  comolementary  to  the  cold  beam  resoonse 
and  the  gain  is  proportional  to  the  inverse  power  of  Wint. 
With  the  warm  oeam  description,  the  qain  is  relatively  low, 
and  system  losses  equate  to  the  gain  from  the  wave-particle 
interaction.  As  a  result,  there  is  insufficient  gain  to 
permit  amplification  and  the  device  will  function  as  an 
oscillator.  Therefore,  for  high  gain  operation  we  must 
operate  in  the  cold  beam  region. 

Saturation 


The  gain  of  the  resonator  is  not  unbounded  .  Saturation 
effects  come  into  play  to  cap  the  maximum  gain  attainable 
with  the  amplifier.  In  our  case,  the  major  saturation 
mechanism  is  called  electron  trapping  and  occurs  when  the 
perturbing  potential  of  the  growing  wave  serves  to  trap  the 
slower  moving  electrons.  As  a  result  the  wave-particle 
energy  exchange  ceases,  and  the  gain  reaches  a  maximum  value. 
The  saturation  calculations  for  the  filled  guide  are  quite 
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complex  and  lengthy  and  will  not  be  addressed  in  thi 
tnesis(7) . 


V 


CHAPTER  3 


REFLECTION  AMPLIFIER 


MASER  Operation 


The  MASER  microwave  amplifier  discussed  in  the  introduction 
is  the  most  recent  of  the  reflection  type  microwave 
amplifiers.  The  MASER  is  inherently  a  simple  device  and 
consists  basically  of  three  primary  components:  a 
circulator,  an  active  medium,  and  a  microwave  cavity (Fig. 
III-l).  The  first  component  is  the  three  port  circulator. 
The  three  port  circulator  is  a  non-reciprocal  microwave 
device  composed  of  the  symmetrical  conjunction  of  three 
identical  waveguides  with  an  axially  magnetized  ferrite  rod 
emplaced  at  the  confluence  of  the  guides.  The  major 
function  of  the  circulator  is  to  allow  input  signals  and 
output  signals  in  the  coupling  network  to  be  isolated  from 
perturbing  reflections  which  might  cause  instability  and 
produce  unwanted  oscillations  in  the  amplifier.  The  second 
port  of  the  circulator  is  matched  to  the  second  component 
which  is  a  simple  microwave  cavity  tuned  to  a  specific 
operating  frequency.  The  third  component  the  active 
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medium,  usually  ruby,  and  a  source  of  pump  frequency,  Wp 
The  active  medium  and  the  wp  use  Weber's  principle  of  the 
inverted  population  to  produce  a  gain  condition  in  the 
system.  The  applied  signal,  entering  through  the  entrance 
port  of  the  circulator  and  propagating  into  the  resonant 
chamber  causes  many  atomic  transitions  to  occur.  As  a 
result,  rad iation  of  greater  amplitude  than  the  input  siqnal 
is  emitted  from  the  MASER  cavity  at  this  applied  frequency. 
We  thus  see  that  the  medium  exhibits  a  gain  at  the  w^tand 
not  a  loss  as  would  be  expected  if  the  medium  was  a  normally 
absorbing  dielectric. 

The  MASER,  in  tne  absence  of  the  pump  frequency,  exhibits  the 
characteristics  of  a  common  resonant  cavity  containing  a 
dielectric  filler.  As  such  it  can  be  represented  by  an 
equivalent  circuit  given  by  Fig.  III-2.  The  energy  storage 
capability  of  the  cavity  can  be  represented  in  terms  of  a 
characteristic  inductance  and  capacitance,  Lo  and  Co.  The 
gain  of  the  inverted  medium  can  be  represented  in  terms  of  a 
quantity  described  as  a  negative  load  resistance,  -Ro.  A  Q 
for  the  cavity  can  be  calculated  by  the  well  known  relation 
relation: 


ANfrpiAft  f  ggq  X  &TCBgQ 
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As  a  consequence  of  the  negative  resistance  quantity,  the  Q 
is  obviously  negative.  This  negative  Q  is  defined  to  be  a 
measure  of  the  strength  of  the  MASER  action. 


This  negative  character  of  the  load  resistance  is  the  prime 
factor  in  the  reflection  amplification  process. 

Taken  in  its  simplest  form,  the  negative  resistance  amplifier 
can  be  modelled  as  a  transmission  line  of  characteristic 
impedance  Zo  terminated  in  a  load  imoedance  Z1  as  given  in 
Fig.  III-3.  From  simple  transmission  line  theory;  a  plane 
wave  propagating  down  the  line  to  the  right  will  be 
reflected  from  the  load  impedance  in  proportion  to  the 
voltage  reflection  coefficient  with  a  voltage  gain  of  £  * 

- 

£l+  Z-c 


The  power  gain  of  the  amplifier  then  is  defined  to  be 
If  ^  is  less  than  unity.  Dower  is  absorbed.  If  £ 
greater  than  one,  then  power  is  emitted. 


A  better  understanding  of  the  reflection  type  amplifier  can 
be  gained  by  a  detailed  analysis  of  Equation  1.  In  our 
circuit  model,  at  the  point  of  the  midband  frequency,  the 
impedances  of  the  line  and  load  assume  purely  resistive 
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forms.  Tne  load  resistance  in  this  case(where  we  have  the 
availability  of  negative  R)  can  range  over  all  real  positive 
and  negative  values.  Equation  1  thus  becomes: 

=  r'~/r=-  - 1 

Pl/  Re,  ♦  1 

Fig  III-4  is  a  plot  of  equation  2  with  the  reflection 
coefficient  as  a  function  of  the  resistance  ratio.  If  R1  is 
varied  over  increasingly  larger  positive  values,  the 
reflection  coefficient  also  increases  and  approaches  1  as  a 
limit.  This  behavior  is  similar  to  that  seen  in  the  short 
circuited  line,  wnen  the  load  resistance  exactly  equals  the 
coupling  resistance, the  line  is  matched  to  the  load,  and,  as 
expected,,  vanishes.  If  Rl  assumes  positive  values  smaller 
than  Re,  but  approaches  zero,  the  reflection  coefficient 
again  approaches  one.  We  can  observe  this  in  the  Rl*0  or 
open  circuited  line.  This  value  of  unity  for  the  reflection 
coefficient,  unlike  in  the  preceeding  analysis,  is  not  a 
limiting  value. 

If  we  continue  to  vary  Rl  over  small  negative  values(with 
respect  to  Re) ,  the  reflection  coefficient  behaves  by 
assuming  values  greater  than  unity,  and  thus  a  gain 
situation  exists.  The  gain  is  possible  because  we  have 
defined  the  negative  resistance  as  giving  power  to  the 
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Fig . III-43AIN  BEHAVIOR  OF  THE  NEGATIVE  RESISTANCE  AMPLIFIER 
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resistance, 
circuit  to 
oscillation. 


It  is  in  this  situation 
remain  under  threshold 


where  we  intend  the 
and  on  the  verge  of 


Free  Electron  Laser  Transmission  Line  Analysis 


This  latter  transmission  line  analysis  suggests  a  possible 
approach  to  the  use  of  the  Free  Electron  LASER  as  the 
circuit  element  which  provides  the  negative  resistance 
quantity  present  in  our  lumped  circuit  ,  Fig.  11-2.  With 
the  Free  Electron  LASER  the  gain  is  a  spatially  distributed 
quantity,,  thus  a  distributed  circuit  analysis  is  needed. 
Fig.  III-5  gives  an  equivalent  circuit  for  such  a  device  and 
consists  of  the  Free  Electron  LASER  modeled  as  an  aperture 
coupled  short  circuited  transmission  line  of  length  1.  In 
this  circuit  the  aperture  coupling  consists  of  a  frequency 
dependent  reactance  and  can  be  represented  in  the  no  loss 
condition  by  a  reactance  of  j  X.  The  short  circuited  line 
is  a  "lossy"  line  where  we  have  normal  wave  attenuation  in 
the  forward  propagation  direction,  but  gain  in  the  backward 
direction.  This  backward  distributed  gain  is  the  spatial 
gain  from  the  wave  particle  interaction  in  the  Free  Electron 
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Fig.  III-5,  Free  Electron  Laser  Microwave 
Amplifier  Modeled  as  an  Aperture  Coupled 
Short  Circuited  Transmission  Line 
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LASER  discussed  in  Chapter  2.  If  the  aperture  coupled 
cavity  itself  is  considered  an  element,  Zin,  in  another 
circuit.  Fig.  III-6;  a  reflection  coefficient,  £  ,  as  a 
function  of  frequency  can  be  determined  which  relates  gain 
per  axial  mode  in  the  resonator  structure.  Zin  for  this 
short  circuit  can  De  written  from  lossy  line  transmission 
line  theory  keeping  the  propagation  constant  in  the  forward 
direction(attenuation)  separate  from  the  propagation 
constant (gain)  in  the  backward  direction: 


1  + 

4-  £j( L 


kf,b«  °<P,b*j$P,b 


V 


If  the  lossy  line  is  considered  in  parallel  with  the 
aperture  impedance( reactance)  the  Zin  for  the  entire  cavity 
element  is: 


-XLTAM(«u),£(<*Ft<^L 
iXu  4  O  TAn(o<l)  ^  ($P+Gb)L 


If  the  cavity  is  coupled  to  the  external  environment  through 
a  line  of  characteristic  impedance  Zo  then  the  reflection 
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coefficient  is  a  function  of  frequency  and  can  be  written: 


I.N+l 


The  aperture  impedance  is  determined  by  the  geometry  of  the 
coupling  circuit  but  can  be  considered  to  consist  of  a  no 
loss  series  L-C  circuit  for  simplicity. 

The  reflection  coefficient  in  equation  3  is  more  easily 
determined  and  evaluated  using  radiation  field  quantities 
instead  of  transmission  line  analysis.  Here,  the  reflection 
process  can  be  modelled  by  a  TM„  wave  incident  on  a 
cylindrical  slab  of  dielectric  of  length  L.  Aoplying  the 
appropriate  boundary  conditions  ^  for  the  cylinder  can  be 
expressed : 

j 

c  f*!  +  c. 

!♦  e1(kptk‘>)  L 


(kf+kb)  l 


This  cylindrical  geometry  for  the  reflection  cavity  was 
selected  as  it  very  closely  resembles  the  Free  Electron 
LASER  geometry  discussed  in  Chapter  2.  rl2  is  the 
reflection  coefficient  from  the  first  free  space-dielectric 
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interface. 
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r23  is  the  reflection  coefficient  from  the 
aielectr ic-free  space  interface.  Note  that  forward  k  is 
Kept  separate  from  backward  k  as  in  the  transmission  line 
model,  equation  4  can  be  simplified  if  r23  is  set  equal  to 
one  implying  that  we  have  total  reflection  from  the  end  of 
the  cylinder. 

rl2,  on  the  other  hand,  can  be  determined  using  the  TM  wave 
components  and  the  boundary  conditions  for  a  wave  incident 
on  a  slightly  conducting  medium.  In  the  same  manner  the 
phase  constants  for  both  directions  of  propagation  can  be 
determined:  _  T 


t[ 

€  u>  J 


Since  the  wave  attenuates  in  the  forward  direction,  the 
attenuation  constant  can  be  considered  to  be  that  due  to  a 
wave  propagating  in  a  normal  dielectric  medium: 


I 
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The  expression  for  the  power  reflectivity  can  now  be  written 


in  the  form: 


I  pl 

G’+Hl 


wHecus;  *  +  e^p+^b^Lco<s(z<xL) 

F-a  Y  +  C'((2,P^y0L5lN(^L) 

6. 

+  Ye  ^pt®b)Lco&(Z<xu) 

x*  i  rs  cs-ac 
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A*  tfe-3  -j  Gs  ie  +  i  j  c=  I^crvli 
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Since  we  intend  to  use  the  Free  Electron  LASER  as  the  active 
medium  in  the  reflection  amplifier,  the  gain  in  the  backward 
direction  is  the  same  gain  envelope  derived  for  the  Free 
Electron  LASER  in  Chapter  2.  Recall  from  Chapter  2  that  we 
analyzed  the  spatial  spectral  resoonse  of  the  Free  Electron 
LASER,  That  same  gain  profile  may  be  used  to  describe  the 
gain  in  our  cylindrical  dielectric  system  abcve.  A  computer 
program  was  written  which  numerically  computed  the  spatial 
gain,  phase  constants,  and  the  attenuation  constant;  and 
then  evaluated  the  reflection  coefficient  expression  we 
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derived  in  equation  5. 

By  using  the  gain  from  the  Free  Electron  LASER  wave-particle 
interaction,  we  are  able  to  ooerate  the  device  in  the  region 
of  finite  and  stable  gain  discussed  in  reference  to  Fig  III- 
4.  Because  of  the  structure  of  the  gain  medium  geometry  as 
it  relates  to  the  reflection  coefficient,  we  should  see  the 
reflection  coefficient  behave  as  a  finite  series  of  resonant 
responses  each  corresponding  to  a  particular  axial  mode  of 
the  resonator.  The  amplitude  of  each  resonance  peak  will  be 
determineu  oy  the  Free  Electron  LASER  gain  lineshape  value 
for  the  particular  resonance  frequency.  Since  the  Free 
Electron  LASER  gain  bandwidth  is  finite  and  exhibits  a 
cutoff  immediately  beyond  synchronism,  we  should  also  see 
the  amplifier,  beyond  synchronism,  respond  with  a  value  for 
the  reflection  coefficient  of  less  than  unity.  This  will  be 
manifested  on  the  power  gain  curve  by  a  zero  value  for  the 
gain. 

Figures  III-7  and  Ill-d  are  two  power  gain  curves  where 
power  gain  is  plotted  as  a  function  of  w/c.  An  analysis  of 
Doth  figures  show  that  the  amplifier  responds  in  the  manner 
we  predicted.  The  inset  in  eacn  figure  is  tne  corresponding 
Free  Electron  T ASER  gain  lineshape  for  the  compatible 
frequency  region.  The  Free  Electron  LASER  system 
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configuration  for  both  plots  is  identical,  with  the 
exception  of  the  beam  current.  We  are  driving  a  cylindrical 
quartz  resonator  of  length  IQcn  and  radius  .4cm  with  a  2  Amp 
beam(Fig.  7)  and  a  10  Amo  beam(Fig.  8)  at  a  beam  velocity  of 
.7c.  This  Free  Electron  LASER  geometry  is  consistent  with  a 
similar  device  which  currently  operates  in  the  Dartmouth 
College  Plasma  Physics  Laboratory. 

Recall  from  our  discussion  in  Chapter  2  that  an  increase  in 
beam  current  results  in  an  increase  in  the  peak  gain  along 
the  Free  Electron  LASER  gain  lineshape.  In  Fig.  III-7  where 
we  have  tne  lower  value  for  lb  we  see  a  peak  power  gain  from 
the  amplifier  of  approximately  22dB.  Comparing  that  to  Fig 
1II-8  where  we  have  increased  the  value  of  lb  to  10  Amps,  we 
see  the  amplifier  peak  gain  respond  with  an  increase  of  11 
db  to  33dB.  This  response  is  what  we  predicted  from  the 
increase  in  gain  from  the  gain  medium. 

The  amplifier  is  also  capable  of  responding,  in  kind,  to 
changes  in  synchronous  frequency.  A  comparison  of  the  Free 
Electron  LASER  gain  lineshape  inset  in  Fig.  III-9  to  the 
similar  inset  in  Fig.  III-3  shows  that  synchronism  occurs  at 
a  higher  frequency  for  the  system  in  Fig.  III-9.  This 
frequency  shift  resulted  from  a  decrease  in  resonator 
radius,  .4cm  to  .3cm.  The  power  gain  curve  in  Fig.  II-9 


w/c 


Ampli 


61 


✓ 


shows  that  the  amplifier  peak  gain  also  exhibits  a 
corresponding  shift  in  peak  gain  frequency.  We  can  thus  see 
that  the  amplifier  geometry  is  completely  compatible  with 
the  peak  gain  frequency  flexibility  exhibited  by  the  gain 
medium.  The  device  is  capable  of  high  frequency 
amplification. 

Gain  Bandwidth  Product 

This  cavity  amplifier  is  a  multi-mode  device  that  is  capable 
of  operating  with  an  infinite  numoer  of  axial  modes.  The 
amplifier  gain  profile  clearly  illustrates  this  property  of 
the  device.  Referring  to  Fig.  III-7  we  can  see  a  separate 
gain  versus  frequency  curve  for  each  axial  mode  of  the 
amplifier.  The  axial  mode  gain  curve  we  are  most  interested 
in  is  the  peak  gain  response  associated  with  the 
synchronous  frequency. 

The  fixed  gain-bandwidth  product  is  characteristic  of  all 
singly  resonant  negative  resistance  atnplif iers(8)  .  Since, 
for  the  Free  Electron  MASER  we  are  only  interested  in  the 
performance  of  the  device  at  the  interaction  frequencies, 
the  peak  gain  axial  mode  linesnape  we  have  isolated 
correlates  to  the  singly  resonant  criterion. 
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correspondence  is  valid  oroviding  the  fractional  difference 
between  the  interaction  frequency  and  the  operating 
frequency  is  very  small. 

We  can  rewrite  Equation  2  in  terms  of  two  dimensionless 
quality  factors:  Qe ,  and  Qm.  Qe  corresponds  to  the 

external  coupling  network  and  2m  to  the  active  gain  medium. 

*  9o  -  Qy.-LQ.Si 

Qm-  Qe. 

For  our  amplifier,  Qm  is  fixed  by  the  nature  of  the  beam 
driven  system.  Thus  it  becomes  necessary  only  to  vary  Qe 
in  order  to  maintain  control  over  the  gain  of  the  amolifier. 
The  total  Q  for  the  system,  Qt,  can  be  written  as: 

.L  a  X.  m  ± 

t  Qe  Qm 

Using  equation  6  for  the  gain  in  terms  of  Qe  end  Qm;  and 
substituting  in  Equation  7  we  can  obtain: 

Qt  *  Qm 

2. 


To  relate  Qt  to  the  half-width, 

Q  T  *  ^6 

Af 


recall  Qt  can  be  defined  as: 
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Solving  for  and  substituting  our  expression  for  Qt,  we 
arrive  at  the  following: 

The  right  hand  side  of  Equation  is  fixed  by  the  beam  driven 
medium  and  the  operating  frequency.  This  implies  that  as 
gain  increases  the  bandwidth  should  decrease  as  1/go. 

It  is  interesting  to  see  that  the  Free  Electron  MASER 
behaves  in  the  manner  predicted  by  the  fixed  gain-bandwidth 
product.  Several  gain  versus  frequency  curves  are 
illustrated  in  Fig.  III-10  and  III-ll.  Recall  that  these 
lineshapes  are  the  response  curves  for  the  isolated 
synchronous  axial  mode.  Clearly  for  an  increase  in  midband 
gain,  the  bandwidth  narrows;  and  as  tne  power  decreases,  the 
oandwidtn  widens.  The  computed  gain-bandwidth  product  for  a 
family  of  curves  exhibits  less  tnan  .5c  variation  and  thus 
we  see  excellent  agreement  with  the  predicted  fixed  gain- 
bandwidth  product  response. 

The  preceeding  analysis  indicates  that  high  gain  is  possible 
from  the  amplifier  by  operating  near  the  point  of 
instability.  The  fixed  product  behavior  shows  that  if  we 
adjust  the  device  for  the  highest  gain  possible  we  must 


POWER  GAIN  (DB) 


POWER  GAIN  (DB) 


GAIN  BANDWIDTH  PRODUCT 


65 


Fig. 
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suffer  a  tradeoff  in  the  form  of  a  reduced  operational 
oandwidth.  This  forces  us  to  optimize  the  design  in  terms 
of  the  ultimate  use  of  tne  amplifier. 

Artificial  Q  Variation 

From  Equation  8(  we  see  that  the  gain  is  proportional  to  the 
total  Q(recall  that  Qm  is  fixed).  If  some  means  were 
available  to  increase  Qt  then  we  expect  to  see  an  increase 
in  the  amplifier  gain.  A  judicious  management  of  Qe  will 
result  in  the  desired  increase  of  Qt(reference  Equation  7); 
but  Qe  can  not  be  increased  without  bound,  for  when  Qe=Qm, 
the  device  passes  into  the  region  of  instability,  and  the 
gain  becomes  infinite.  For  an  excessive  Qe,  the  gain  will 
assume  a  finite  value,  amplification  will  not  occur,  and 
oscillation  will  begin.  Since  Qe  is  a  function  of  the 
coupling  network,  variation  of  rl2  will  effect  its  value. 
In  the  foregoing  analysis  of  the  reflection  amplifier,  we 
have  relied  upon  the  flat  dielectric  face  alone  to  give  us 
the  value  for  the  coefficient,  rl2,  in  Equation  4.  If  rl2 
is  artificially  varied(by  changing  the  coupling 
characteristics) ,  Qt  will  vary  in  the  same  direction.  These 
variations  in  the  rl2  value  could  possibly  result  from  the 
partial  silvering  of  the  front  dielectric  plane,  changing 
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tne  coupling  aperture  geometry,  or  through  the  utilization 
of  a  Fabry-Perot  etalon  to  act  as  a  variable  reflectivity 
"mirror" . 

Fig.  III-12  gives  the  amplifier  gain  response  for  a  2  Amp 
beam  driven  Free  Electron  LASER,  where  rl2  is  unaltered.  We 
can  make  a  comparison  then  with  Fig.  III-13,  where  rl2  has 
been  increased  to  a  value  10%  larger  than  that  for  Fig.  HI- 
12.  The  behavior  of  the  altered  rl2  device  is  as  predicted. 
We  observe  a  peak  gain  increase  of  approximately  5dB. 
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CHAPTER  4 


SUPERRADIANCE 


Super radiance/  in  essence, is  a  transitional  mode  between  the 
stimulated  regime  and  the  spontaneous  regime.  As  such,  it 
will  allow  us  to  derive  an  expression  for  the  power  emitted 
by  the  Free  Electron  LASER.  In  the  ootical  MASER,  the 
spontaneous  emission  rate  or  radiated  power  is  linearly 
proportional  to  the  population  difference  between  the 
excited  states  and  the  ground  state.  The  suoerradiant 
emission,  however,  is  characterized  by  a  proportionality 
where  the  power  is  a  function  of  the  square  of  the 
population  difference.  Qualitatively,  the  superradiant 
power  is  the  power  emitted  from  the  LASER  without  the 
Denefit  of  the  multiple  passage  of  the  gain  medium.  It  is 
observed  in  LASERS  of  high  optical  gain  in  the  absence  of  a 
resonant  cavity. (9). 

In  the  LASER, the  superradiant  environment  is  generated  when 
all  the  atoms  in  the  medium  contribute  coherently  to  one 
dipole  moment{10).  The  polarization  can  be  shown  to  be 
proportional  to  the  peculation  inversion.  If  that 
polarization  field  oscillates  in  time,  the  cower  emitted  is 
related  to  the  oroduct  of  the  time  derivative  of  the 
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polarization  and  the  electric  field.  This  electric  field  is 
not  an  applied  field  but  the  self  field  generated  by  the 
atoms  themselves.  If  we  relate  the  energy  stored  by  the 
resonant  enclosure  to  the  power  dissipated  by  the  structure, 
the  power  radiated  per  unit  volume  can  be  expr essed (Yar iv) : 

p-=  CoQ  (Nb-NAyu’  Vs* 

€Vc 

This  expression  for  the  power  per  unit  volume  in  the 
superradiant  mode  represents  simple  way  for  estimating  power 
output  of  the  device. 

In  a  similar  process,  we  should  be  able  to  generate  an 
expression  which  provides  a  reliable  estimate  for  the  power 
out  of  the  Free  Electron  LASER.  The  Free  Electron  LASER 
does  not  depend  on  the  atomic  process  of  population 
inversion,  thus  we  will  have  to  determine  an  appropriate 
analog.  Recalling  the  geometry  of  Chapter  2,  we  can  compute 
the  power  delivered  to  the  radiant  self  field  by  taking  the 
volume  integral  of  beam  current  density  dotted  into  the 
Electric  field  vector.  Equating  that  quantity  to  the  Q  of 
the  cylindrical  cavity  and  the  stored  energy,  we  may  solve 
for  the  electric  field.  If  we  then  look  at  the  power 
emitted  by  a  resonant  cavity,  we  can  use  the  relation  for 
the  electric  field  previously  derived, and  with  little  effort 
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arrive  at  an  expression  for  the  power  emitted  by  the  Free 
Electron  LASER  in  the  superradiant  mode. 

Initially  we  want  to  determine  the  power  supplied  to  the 
radiant  field  oy  the  charged  particles  in  the  electron  beam. 
We  are  working  in  the  limit  of  an  infinite  external  magnetic 
field  so  the  motion  of  the  electrons  is  restricted  to  the  z- 
direction,  only,  so  that  J*nev  .  We  again  consider  that 
only  the  TM  modes  in  the  waveguide  satisfy  the  symmetry  of 
the  Cerenkov  interaction  in  the  axisymmetric  resonator. 
Thus  the  field  quantities  have  the  form: 

f}><$ 


By  eliminating  the  explicit  time  dependence  from  the  TM 
components  using  V  and  z,  and  keeping  the  Z  component  of  E, 

we  can  perform  the  integral  of  J»  E  and  obtain: 

Pc* 

I  'Cl 


Sggcw- 
j*  nev 


-  j  (lo-kv)i/v 


VC _ 
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[3] 
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For  simplicity  we  define  the  result  to  be:  ^  .  We  can 
equate  this  expression  for  power  to  the  power  dissipated  in 
a  cavity  of  quality  factor,  Q. 
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Now  considering  on  the  left  hand  side  all  the  field 
components  and  expressing  B  in  terms  of  Er  and  Ez,  the  left 
hand  side  becomes: 


[2.] 

For  convenience  we  define  the  integral  on  the  right  as  £  and 

o 

equating  to  equation  l,we  can  solve  for  Ez: 

6?  =  [S3 
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The  power  radiated  from  a  resonant  structure  can  also  be 
defined  in  terms  of  the  Q  and  tne  stored  energy: 

Performing  the  integral  of  the  energy  density  with  Ez  and  Er 
as  before,  we  obtain  an  expression  for  power  in  terms  of 


74 


Using  the  result  derived  for  Ez  in  Equation  3/  and 
substituting  into  Equation  4,  we  see  that  for  the  power 
emitted : 

P-  <o  /  3SQV* K 

V  c oKl 

Jl 

Re-expressing  J  in  terms  of  beam  current: 
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As  we  can  see,  the  power  emitted  is  a  function  of  the  square 
of  the  beam  current.  Recalling  the  exoression  for  the  Dower 
from  the  atomic  LASER  as  proportional  to  the  square  of  the 
population  inversion,  we  can  infer  that  the  lbZ  term  is 
analagous  to  the  (Nb-tfa)*-. 


CONCLUSION 


We  proposed  in  the  introduction  that  the  Free  Electron  LASER 
be  used  as  the  gain  .medium  in  a  reflection  microwave 
amplifier.  The  results  obtained  in  this  thesis  support  our 
proposal . 

The  Cerenkov  Free  Electron  LASER  has  been  modeled  using  a 
dielectric  loaded  waveguide  with  a  relativistic  electron 
beam  propagating  through  the  medium  in  the  axial  direction. 
A  detailed  gain  analysis  conducted  for  this  geometry  showed 
the  Free  Electron  LASER  gain  to  be  capable  of  suoporting 
amplification  above  oscillation.  Parametric  analysis  of  the 
gain  response  showed  the  performance  of  the  amplifier  to  be 
related  to  beam  dynamics  and  the  resonator  geometry.  Our 
results  indicate  that  useful  amplifier  cnaracter istics 
V  should  be  available  at  frequencies  in  excess  of  100GHz. 

An  expression  was  derived  which  showed  that  the  superradiant 
power  emitted  for  the  Free  Electron  LASER  is  proportional  to 
the  square  of  the  beam  current.  This  is  compared  to  the 
optical  LASER  superradiant  outout  power  which  is 
proportional  to  the  square  of  the  population  difference. 
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Continuation  of  research  in  this  area  is  certainly  possible. 
The  solution  of  the  annular  cylinder  geometry  will  be 
necessary  for  an  accurate  estimate  of  actual  Free  Electron 
LASER  reflection  amplifier  performance. 
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APPENDIX  2 


FREQUENCY  DEPENDENCE  OF  .EAR  GAIN 


In  order  to  see  how  the  peak  gain  behaves  as  a  function  of  w 
it  is  necessary  to  begin  with  the  dispersion  relation, 
equation  7,  Chapter  2: 

(to1-  to<,«.!)  -  _  0 

e*4  (to-  k.v.)* 

The  synchronous  point  becomes  of  interest  because  that  is 
where  the  strongest  wave-particle  interaction  occurs: 

co«  kvc 

If  we  look  near  the  point  w  *kv#  then  we  can  expand  the  w* -wj, 
term  to  be: 

V  (u>*C00«)(to-U>0*) 

The  dispersion  relation  can  be  rewritten  using  this 
expansion  as: 

t  COc*t)(^CO-  IjOow)  -  ul  ( CO1-  Q? 


i 


( 


1^1 


\S 


'Working  near  synchronise  we  can  use  the  aoprox imation: 


*b 

which  implies: 

C0+  Wo w.  *» 

lne  substitution  ot  tnese  approximations  for  the  expanded 
product  term  results  in  an  approximate  cubic  form  of  the 
dispersion  relation: 

(GJ-OJm.)£LOu.  -  COb  (  Cd*-  C'k1  \ 

V  ~  '  -  O 

es^to-tcVo)* 

The  roots  may  be  solved  for  with  the  spatial  gain=: 


This  expression  for  the  peak  gain  as  a  function  of  WM  shows 
a  one  third  power  dependence  on  the  frequency. 
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ABSTRACT 


We  consider  the  excitation  of  an 
electromagnetic  wave  by  a  relativistic 
electron  oeam  in  the  infinite  medium.  In  the 
collective  regime,  instability  can  occur  oy 
coupling  to  either  of  the  beam  negative 
energy  modes.  The  slow  space  charge 
interaction  has  been  called  the  Cerenkov 
instability  and  detailed  elsewhere.  An 
investigation  of  the  slow  cyclotron 
interaction  is  presented  here.  The  effect  has 
been  called  the  Cerenkov-cyclotron 
instability,  it  is  a  high  frequency,  high 
gain  effect  which  has  promise  as  a  source  of 
submillimeter  radiation. 
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Chapter  One 


1.1  Introduction 

The  advent  of  relativistic  electron  oeara  technology  has 
renewed  hopes  for  a  powerful  radiation  source  in  the  quasi- 
optical  region  of  the  electromagnetic  spectrum.  A  numoer  of 
devices  currently  employ  such  beams  in  an  effort  to  reach  high 
frequency,  high  power  operation.  Relativistic  magnetrons  and 
gyrotrons  are  examples. 

Another  such  device  is  the  free  electron  laser.  Broadly,  a 
free  electron  laser  extracts  kinetic  energy  from  an  electron  beam 
and  uses  it  to  amplify  a  radiation  field.  In  one  version  of  this 
device,  super luminal  electrons  stimulate  Cerenkov  radiation  in  a 
resonant  cavity.  Successive  electrons  do  work  on  the  laser  field 
and  give  up  energy  to  it.  At  only  moderate  beam  energies,  such 
radiation  can  fall  into  the  millimeter  and  submillimeter  regime. 
This  device  has  been  called  the  Cer enkov-type  free  electron 
laser . 

Recall  that  Cerenkov  radiation  is  produced  when  a  charged 
particle  moves  through  or  near  a  dielectric  medium  with  velocity 
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greater  than  the  speed  of  light  in  the  medium.  The  particle 
creates  a  "shock  front"  of  electromagnetic  waves.  The  angle  at 
wmch  the  radiation  propagates  relative  to  the  particle  motion 
depends  on  tne  speed  of  the  particle  as  well  as  the  dielectric 
constant  of  the  medium  according  to 

cos  &  = 

The  phenomenon  is  illustrated  scnematically  in  figure  1-1. 

Cerenkov  type  free  electron  lasers  have  several  attractive 
features.  First,  they  require  only  modest  beam  energies.  Beams  of 
five  hundred  KeV  or  less  provide  power  levels  and  frequencies  of 
interest.  A  Cerenkov  type  free  electron  laser  can,  therefore,  be 
a  relatively  compact  device. 

Another  nice  feature  of  the  concept  relates  directly  to  the 
wavelength  of  operation.  In  conventional  travelling  wave  tubes, 
tne  interaction  wavelength  is  related  to  some  characteristic 
length  of  the  system*.  High  frequency  operation  of  these  devices 
is  limited  by  the  machinist's  ability  to  accurately  produce 
components  whose  dimensions  may  be  less  than  one  millimeter.  This 
is  not  true  of  the  free  electron  laser.  The  latter  has  already 
produced  wavelengths  smaller  than  the  transverse  dimension  of  the 
system2. 

Applications  of  a  high  power,  high  frequency  radiation  source 
are  manifold.  Fusion  physics,  spectroscopy,  and  communications 
provide  examples  of  fields  which  would  benefit. 


Ins  need  for  submillimeter  waves  in  the  fusion  effort  is 
particularly  worthy  of  attention.  A  sketch  of  the  primary  fusion 
applications  will  also  -give  information  about  the  properties  a 
useful  source  would  have^. 

Electron  cyclotron  resonance  heating  (ECRH)  is  the  best  known 
example.  As  a  plasma  is  heated,  resistivity  falls  and,  so, 
limits  joule  heating.  Attaining  fusion  parameters  will  require  a 
heating  scheme  which  is  not  self-limiting.  While  ECRH  at  the 
fundemental  can  be  shielded  in  dense  plasmas,  heating  at  the 
second  harmonic  improves  with  increased  temperature  and  density. 
In  typical  fusion  devices  where  toroidal  fields  are  in  the  range 
of  tens  of  kilogauss,  this  implies  the  need  for  a  source  of  high 
frequency  waves.  Frequencies  in  the  tens  of  gigahertz  will  be 
necessary.  In  addition,  power  levels  in  excess  of  a  megawatt  may 
be  required. 

ECRH  can  oe  used  to  preferentially  heat  portions  of  the 
plasma.  This  is  accomplished  by  tuning  the  rf  to  coincide  with 
the  local  cyclotron  frequency  (or  its  harmonic) .  This  permits 
preferential  heating  of  the  dense  center  of  the  plasma. 
Alternatively,  it  enables  the  experimenter  to  shape  the  current 
profile  for  improved  stability.  A  radiation  source  for  ECRH  must 
be  easily  tunable. 


1« 


1.2  Posing  tne  Proolem 


V 


A  relativistic  electron  beam,  propagated  along  a  constant 
magnetic  field,  has  four  normal  modes.  Two  of  these  are 
longitudinal  oscillations  and  do  not  depend  on  the  presence  of  an 
external  field.  These  are  the  negative  energy  (or  slow)  and 
positive  energy  (or  fast)  space  charge  waves. 

The  terms  "fast"  and  "slow"  are  easily  understood.  The  phase 
velocity  of  the  positive  energy  wave  is  greater  than  the  electron 
oeara  velocity. 

/“■  1,  > 

l  K  ‘-fast 

We  call  this  wave  fast. 


The  phase  velocity  of  the  negative  energy  wave  is  less  than 
the  electron  beam  velocity. 

<  v> 

we  call  this  wave  slow. 


The  two  remaining  normal  modes  are  transverse  in  character 
and  do  depend  on  the  applied  magnetic  field.  These  are  the 
negative  energy  (or  slow)  and  positive  energy  (or  fast)  cyclotron 
waves.  A  plot  of  the  dispersion  relations  is  shown  in  figure 
1-2. 


,tr/ 
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As  in  the  case  of  the  oeam  space  charge  waves,  we  understand 


tne  terms  "fast"  and  "slow"  in  terms  of  the  phase  velocities: 


For  propagation  in  the  vacuum,  all  four  waves  are  stable.  If 
the  magnetized  electron  beam  is  propagated  through  a  dielectric 
medium,  however,  a  negative  energy  wave  can  become  unstable. 
Extensive  theory  has  been  developed  to  describe  the  exponential 
growth  of  the  slow  space  charge  wave4.  Such  growth  occurs  only 
for  beam  velocities  greater  than  the  speed  of  light  in  the 
dielectric  medium  and  has  therefore  been  called  the  Cerenkov 
instability. 

Until  now,  the  theory  of  the  Cerenkov  interaction  has  been 
limited.  Only  strongly  magnetized  beams  and  unmagnetized  beams 
have  been  considered.  In  these  limits,  the  electromagnetic  wave 
couples  to  the  slow  cyclotron  wave  on  the  electron  beam. 

In  the  present  work,  we  treat  the  general  proDlem  of  finite 
magnetization.  In  this  regime,  the  wave  can  couple  to  the  slow 
cyclotron  mode.  Growth  depends  closely  on  the  gyromotion  of  the 
electrons  and  has  therefore  been  called  the  Cer enkov-cyclotron 
instability5. 

In  chapter  two  of  this  thesis,  we  will  review  the  theory  of 
the  Cerenkov  instability.  This  discussion  serves  three  purposes. 
First,  it  broadly  demonstrates  the  general  method.  Second,  it 
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introduces  the  important  concept  of  "synchronism."  Finally,  it 
provides  a  background  against  which  new  results  may  be  viewed. 

In  chapter  three,  we  model  the  general  Droblem.  We  use  a 
linearized,  cold  fluid  analysis  to  treat  an  electromagnetic  wave 
propagating  at  an  arbit  cary  angle  through  a  magnetized  electron 
beam  in  the  infinite  medium.  The  dispersion  relation  is  derived. 
This,  in  turn,  is  manipulated  to  give  a  fairly  compact  algerbraic 
relation.  Nlo  approximation  is  made  during  this  manipulation. 

We  go  on  to  show  that  the  Cerenkov  dispersion  relations  for 
strong  and  weax  magnetization  are  recoverable  in  the  appropriate 
limits.  This,  together  with  a  qualitative  examination  of  the 
dispersion  relation,  supports  the  claim  that  we  have  correctly 
treated  the  general  problem. 

In  chapter  four,  we  consider  the  case  of  a  forward 
propagating  electromagnetic  wave.  The  dispersion  relation  is 
easily  obtained  as  a  limit  of  the  general  expression.  The 
technique  of  root  locus  plotting  is  introduced  am  used  to 
analyze  the  stability  of  the  system.  The  dispersion  relation  is 
then  solved  in  the  neighborhood  of  the  slow  cyclotron  solution  to 
give  expressions  for  the  growth  rate  of  the  wave  and  the 
threshold  of  instability.  These  are,  in  turn,  analyzed 
graphically. 

In  chapter  five,  we  solve  the  general  dispersion  relation 
near  the  slow  cyclotron  root  with  the  aid  of  a  "weak  beam” 

14 


■#L'i  * 


* 


approximation-  This  approximation  is  evaluated  and  seen  to  oe 
excellent.  Expressions  for  the  'gain  and  threshold  of  the  system 
are  derived  and  discussed.  The  gain  is  found  to  be  much  greater 
than  the  chapter  four  results  and  comparable  to  the  gain  for  the 
Cerenkov  interaction  on  a  strongly  magnetized  beam. 

In  chapter  six,  we  give  a  brief  discussion  of  the  feasibility 
of  a  Cerenkov-cyclotron  free  electron  laser.  The  coupling 
problem  is  discussed  and  tne  reciprocal  quality  of  the  system  is 
introduced  to  account  for  frequency  dependent  losses  in  the  laser 
cavity.  This  Q  is  compared  to  tne  figure  dictated  Dy  theory. 

Finally,  we  conclude  in  chapter  seven.  A  summary  of  the  work 
is  presented  and  its  most  important  approximation,  beam  coldness. 


evaluated 


Chapter  Two 


II. 1  Cerenkov  Theory 


Let  us  review  tne  tneory  of  tne  Cerenkov  instaoility® .  We 
will  consider  an  electron  beam  propagating  through  a  circular 
waveguide.  The  waveguide  is  filled  with  a  homogeneous,  isotropic 
dielectric  of  dielectric  constant  epsilon.  The  applied  magnetic 
field  is  along  the  axis  of  the  waveguide  and  is  strong  enough  to 
confine  the  electrons  to  motion  along  this  axis.  This  "infinite 
Bo"  assumption  is  necessary  in  order  to  restrict  ourselves  to  the 
study  of  longitudinal  beam  oscillations—  the  space  charge  wave. 
Instability  in  the  finite  3o  regime  is  the  main  focus  of  this 
thesis  and  will  be  discussed  in  detail  in  a  later  chapter.  The 
geometry  Is  shown  In  figure  Il-i. 


Electric  and  magnetic  fields  in  the  dielectric  satisfy 
Maxwell's  equations  in  the  absence  of  sources. 

Y*  k  7r 


An  electromagnetic  wave  is  introduced  as  a  perturbation  to  the 
system.  The  resulting  perturbed  current  density  is  used  as  a 


source  tern  in  Maxwell's  equations  to  give 


«  __  -  47T  ^3 

7  “  t  -  “  j? 


)  tl? 

E7  "5rl 


Next,  we  can  split  the  'P*?*  operator  into  transverse  and 
parallel  components.  In  the  limit  of  infinite  magnetic  field,  J 
nas  no  transverse  component  and  tne  resulting  (transverse)  wave 
equation  is  homogeneous. 

l'  j 'vy.  -v*  *  £&]  F  j  -  o 

Assuming  plane  wave  solutions  of  the  form 
r-  _  ,(k'£  -  ujt) 


we  can  rewrite  the  perpendicular  wave  equation 

-*')]*“  -o 

Next,  we  assume  that  the  electric  field  vector  is  an 
eigenfunction  of  the  ^7^  operator.  Then 

=  -p*fi 

where  p,  the  transverse  wave  numoer ,  is  dictated  by  the 
transverse  boundary  value  problem.  In  our  cylindrical  geometry, 
the  eigenfunction  expansion  is  in  terms  of  Bessel  functions  and 


?= 


__ 

a 


where  "xol"  is  the  1-th  root  of  the  zero-th  order  Bessel  function 
and  ■a"  is  the  waveguide  radius. 
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Suostituting  into  our  transverse  wave  equation,  we  ODtain 

j-P'+'cH  -**]£!  -  o 

Choosing  the  non  trivial  solution  (E^G)  ,  we  arrive  at  the  free 
wave  dispersion  relation. 

This  is  a  relation  between  uj  and  k  governing  the  propagation  of 
an  electromagnetic  wave  through  a  dielectric-loaded  waveguide.  A 
plot  is  shown  in  figuce  II-2. 

At  this  point  it  is  instructive  to  plot  the  free  wave 
dispersion  relation  and  the  slow  space  charge  dispersion  relation 
on  the  same  axes.  For  beam  velocities  exceeding  the  speed  of 
light  in  the  dielectric,  these  curves  will  cross.  At  the  point 
of  intersection,  the  electron  beam  is  moving  with  velocity  equal 


to  the  phase  velocity  of 

the 

free  wave. 

We 

call 

this 

intersection  "synchronism." 

The 

electron  beam 

is 

said 

to  be 

synchronous  with  the  electromagnetic  wave. 

The  coupling  between  the  electron  beam  and  the 
electromagnetic  wave  is  strongest  at  synchronism.  We  can  use 
this  fact  to  determine  the  direction  of  propagation  for  strongest 
coupling.  We  invoke  the  two  synchronism  conditions: 

Lo  y  kVv 

W  1  c 

Solving  simultaneously,  we  find 


wnere 


1/ 


P* 


-■ —  is  the  oeam  velocity  in  units  of  the  vacuum  speed  of 


light.  Resolving  tne  effective  propagation  vector  into  parallel 
and  perpendicular  components  k  and  p. 


we  can  define  the  angle  theta  by 

T 

LCt-S)  &  9  £ 

Theta  is,  then,  the  angle  formed  by  the  propagation  vector  of  the 
electromagnetic  wave  and  the  z-axis. 


Substituting  this  expression  into  i-a  we  find, 

fe  =  1  -  f  a./» '  9 

or 

C0S9  *  pffT 

3ut  this  is  just  the  Cerenkov  angle.  Me  see  then,  that  the 
strongest  coupling  between  an  electromagnetic  wave  and  the  slow 
space  charge  wave  occurs  when  the  radiation  propagates  at  an 
angle  equal  to  the  Cerenkov  angle  to  the  electron  beam. 


We  will  extract  one  final  piece  of  information  from  figure 
II-2  before  moving  on.  It  is  clear  that  the  two  dispersion 
curves  can  only  intersect  if  the  slope  of  the  slow  space  charge 
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line  exceeds  the  slope  of  the  free  wave  asymptote.  SymDolicallv , 

^  >  7r 

This  relation  defines  a  threshold  condition  for  the  onset  of 
instability  and  is  called  the  Cerenkov  threshold.  Below  the 
Cerenkov  threshold,  the  electron  beam  is  stable.  Only  when  the 
beam  exceeds  the  Cerenkov  threshold  does  the  system  destabilize. 


To  gain  information  about  the  coupled  system  we  must  return 
to  the  inhomogeneous  wave  equation  and  consider  now  its  axial 
component. 

(  l’77'  +  **)n 

Again,  we  assume  plane  wave  solutions  and  so  Pourier  transform  to 
9  ive 

[tf  +  (<$  -  rj]  ?.-(<&-  *')(  £lt~)  £ 

cjI 

Here  ^  .=/  —  * s  t*ie  z"z  element  of  the  beam  dielectric 

tensor.  While  the  dielectric  tensor  has  not  been  derived,  it  is 
sufficient  to  realize  that  the  quantity  Sli  —  — 
perturbed  current  density  to  the  electric  field. 


relates  the 


once  again  assuming  Ert to  be  an  eigenfunction  of  the4operator , 
we  arrive  at  ,  .  \ 

r  -  k1-  p'  -  ULi  c  ,D 

[  c*  K  P  er'Cu-kv.)'  Je»-° 


T he  non  trivial  solution  brings  us  to  the  dispersion  relation 

jj  - _ ad  (Jd-i  ) 

*  er'Cui-**)' 
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*o 


where  (jJ K  1 


is  the  solution  of  the  uncouDled  equation. 


We  seek  a  solution  of  this  coupled  dispersion  relation.  If 
the  perturbation  term  is  small,  we  find  the  solution  by 
evaluating  tne  coupled  part  of  the  equation  directly  at 
synchronism.  That  is,  where 

k  Yo  - 


We  rewrite  the  dispersion  relation 

(CU-UJ«)UJ'Z  =  CjtL 

(u+ujk) 


Noting  that  factors  on  the  left  hand  side  are  approximately  equal 
at  synchronism,  and  substituting  the  "synchronous"  frequency  into 
the  right  hand  side,  we  find  that  the  dispersion  relation  is 
cubic  in 

(W  - 0-  y>)‘*r  -  0-  w 


The  roots  are  then  given  by 


(!-•/?>) 


-HIT 


And  so  we  find  that  near  synchronism,  the  root  is  shifted  away 
from  the  unperturbed  value  by  a  term  which  may  be  complex.  We 
conclude  that  a  normal  mode  of  the  beam-rf  system  is  a  growing 
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wave  of  the  form 


V 


uj j-~tr  ‘  c  0-2 

€  e 


/]  J 


wnere  tne  growth  rate  is 


JT  / 

2  [  af 


/- 


and  the  real  frequency  shift  is 


-  rr  ^ 


This  wave  is  Cerenkov  unstable. 

/  '  / 

The  factor  /-  / ^ (:  in  the  right  hand  side  of  our  gain 
expression  is  of  interest.  We  see  that  positive  gain  will  occur 
only  for  >  that  is,  for  superluminal  beam  velocities. 

This  is  the  Cerenkov  threshold  once  again.  It  was  obtained 
earlier  in  a  qualitative  fashion  in  connection  with  our 
discussion  of  figure  II-2.  We  now  see  that  the  threshold  appears 
directly  in  the  gain  expression  and  is  therefore  quite  rigorous. 


To  conclude  this  section,  let  us  consider  the  case  of  forward 
propagating  radiation.  In  this  limit,  the  transverse  wave 
number,  p,  vanishes.  The  dispersion  relation  reduces  to 


/- 


Uj£_ 


y'3  (lO-  k  £  )z 


-  O 


which  we  recognize  as  a  purely  longitudinal  mode.  In  fact,  the 
equation  describes  the  fast  and  slow  space  charge  waves. 


is 


These  waves  are  clearly  stable  and  we  conclude  that  tnere 
Cerenkov  instability  for  a  forward  propagating  wave. 


Chapter  Three 


We  have  seen  that  in  the  limit  of  strong  magnetization,  the 
slow  space  charge  wave  can  be  unstable.  Growth  occurs  only  for 
oeam  velocities  exceeding  the  Cerenkov  threshold.  The  gain  is 
maximized  for  propagation  at  the  Cerenkov  angle  and  vanishes 
entirely  in  the  forward  direction. 

Let  us  go  on  to  study  the  second  of  the  negative  energy  beam 
modes:  the  slow  cyclotron  mode.  As  a  model,  we  consider  an 
infinite,  isotropic  medium  characterized  by  a  dielectric  constant 
epsilon.  The  dielectric  is  immersed  in  a  constant  magnetic 
field.  Bo,  which  we  take  to  be  along  the  z-axis.  Next,  we  let  an 
electron  beam  pass  through  the  medium.  The  unperturbed  beam 
velocity  is  Vo  and  also  lies  in  the  z-direction.  We  treat  the 
beam  as  an  infinite,  cold  plasma  of  electrons  and  so  ignore  the 
effects  of  boundaries  to  the  system  and  of  thermal  spread  in  the 
beam.  Finally,  we  introduce  an  electromagnetic  wave  propagating 
through  the  beam-dielectric  medium  at  some  angle  theta  to  the  z- 
axis.  The  electric  and  magnetic  fields  associated  with  the  wave 
will  be  treated  as  perturbations  to  the  beam-dielectr ic  system. 
We  use  a  linearized,  cold  fluid  theory  and  so  work  in  the  small 


signal  limit.  The  system  is  shown  in  figure  III-l. 


111*1  The  Dispersion  Function 


As  above,  we  treat  the  perturbed  current  density  as  a  source 
term  in  Maxwell's  equations.  The  self-consistent  fields  are 
then  governed  by 

f  =  c  -Sr 

ry  "ft  _  V  ^  -1  _  1 

y*p 2  —  3  yr  ~st 

has  been  set  equal  to  unity.  Combining  the  curl 


where  ^la. 

equations  in  the  usual  way, 

_  -  HTT  __l_  3tE> 

?  x<?  *  &  ~  C  ^  3tr  ~  c.x 

Using  the  vector  identity 

^xs/x  — ’  yy.  -  yz 

as  well  as  the  constitutive  relation 

D  -  €  £ 

we  see  that 

fry-*'- £$)#•> 


Finally,  we  introduce  the  conductivity  tensor  which 

relates  perturbations  in  the  current  density  to  the  electric 
field.  Substituting  ^  we  find 

[f  ?•  -  V  ’  *  c 
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Wext  we  consider  a  single  Fourier  component  of  the  wave  oy 


assuming  a  plane  wave  dependence  of  the  form 


/  C j£  *  £  ~  ) 


Our  wave  equation  now  takes  the  form 

[~k!f‘  +(kz-  ‘‘cijjL  - 


b 


Defining  the  dispersion  function 

D<u»,!?)-  o )j[ 

where  is  the  unit  tensor,  we  require  that  D(  ,k)  vanish  for 

a  non  trivial  solution.  Thus  we  arrive  at  a  determinantal 
dispersion  relation  governing  small  amplitude  waves  in  the 
system.  The  physics  is  still  hidden,  however,  in  the 

conductivity  tensor  .  Our  next  task,  then,  is  to  calculate 

the  response  of  the  electron  fluid  to  the  electromagnetic  wave. 


III. 2  Derivation  of  the  Conductivity  Tensor 

We  begin  by  calculating  the  force  on  a  fluid  element  due  to 
the  perturbation.  We  will  solve  the  resulting  equation  of  motion 
to  compute  the  perturbed  beam  velocity. 


l/ 


We  linearize  the  force  law  by  assuming  small  perturbations  around 
an  equilibrium  solution.  Explicitly, 

y  =  Vo  i-  y  =  *  ^  *■  y  +  v„  ^ 

-  B„  +  "B,  -  1>.  +  g 

f  =•  £,  - 

nere.  Bo  and  Vo  are  zero-th  order  quantities.  All  other  terms  are 
first  order. 

Also,  we  are  free  to  choose  our  axes  such  that  the 
propagation  vector  lies  entirely  in  tne  x-z  plane.  Then 

K  =.  r  k^t 

To  start,  let  us  rewrite  the  left  hand  side  of  the  force  law. 
We  linearize  using  the  assumptions  listed  above  and  resolve  the 
left  hand  side  into  parallel  and  perpendicular  components. 

-  rV-  4£ 

—  OrT 

We  combine  these  expressions  to  give 


dif 

dr 


For  V  perpendicular  to 

dr 

For  V  in  the  direction  of 


dt 


used 

p'-r+i  -  r*- 

to  tne  full  force  law. 

we  nave 

oh 4 

-  i 

Or  + 

V'xF  \ 

dr 

>v)r  1 

L.  / 

C  >J- 

dr 

-<f 

mx'3 

J/y?  ] 
c  hi 

■3  Jti 

dr 


Here,  ~)V)  ^  is  an  effective  longitudinal  mass.  The  fluid  element 
seems  heavier  in  the  direction  of  motion  than  it  does  in  the 
transverse  sense.  As  the  beam  energy  is  increased,  then,  the 
electron  beam  becomes  "stiffer,"  a  relativistic  effect. 

Next,  let  us  linearize  the  Vx3  term. 

x  8  =  V£  X  B,  -H  yT*  13,  +•  £  x  8, 
The  first  term  of  the  right  hand  side  vanishes  identically.  The 
last  term  is  ignored  to  first  order  giving, 

r  _  vs  3  .  d  \ 


dJ4_  _ 

-e 

dt:  - 

yvn  a''*" 

ch»  _ 

-  e  _ 

dr 

& 


Rewriting  the  transverse  part, 
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dt 


(t  +  £±&) 


^=rO 


or 


\  -Ac 


JL- 

df 


£ 


-g 

ynr 


-h 


/ 


B. 


where  Q,c  "  ^-yylC  is  the  relativistic  cyclotron  frequency. 

s«xt,  we  consider  the  \/J  V  B,  terra.  From  Maxwell’s 

equations,  •— > 

— .  —  —  /  a)  P 

^  ^  “  C  3f 

giving  for  a  single  Fourier  component, 

-W-B 

B*  w"  **£ 


or 


then 


£  *  3.  _  _L 

;  =  <j 


%x(!Sx£) 


Writing  out  the  cross  products  explicitly  we  have 


fyxtf  — 


* 


/  ^ 
P  ©  * 

^ x 


-  e*  (~  “y  *  J  -  <y  (pf*  -  *  Fy  )+%fc£y) 


14  xftxf)  = 


0  14 


«»  K  '  *£VJ  +  4y(vi  Syt  )  -  £  iXxl) 
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Having  specialized  tne  rignt  hand  side  of  our  equation  of 


.notion  to  a  single  Fourier  component,  we  must  do  the  same  to  the 

rJ 

left  hand  side.  ■  is  the  convective  derivitive  and  so  we 

dt 

have  , 


Defining  the  quantity 

oj'  -  6J  -  ^ 

we  have  for  the  transverse  part  of  the  force  law, 


KL  ®  ~yrr?\ ^  +  ~ke') 

_,n.  (o'/ "t  X  w 


6o*  ;SLc 

-/‘Jit  00’ 


)  vi .  *£)+  ^ 


*y[fy(l-ir 


writing  the  right  hand  side  in  matrix  form. 


Yl  ~  vs)  r 


60' 

-/ht 

to 

cu 


We  can  solve  this  matrix  equation  for  the  transverse 
component  of  the  perturbed  velocity.  This  is  easily  accomolished 


by  .matrix  inversion  living 


/ 


->’e  l 

&  =  W  (bt'-Sg) 


UJ 

60 

u> 


-/  fL  kj'  T)  6J1 


CO 

60 


/-Qc  PK 

60 


£ 


V 


O 


0  0 

Wow  let  us  add  information  about  the  longitudinal 


per turDation.  We  have 

dVi 


Fourier  transforming  the  convective  derivitive  as  above, 

~  t,i 

Y*  =  Y^Y3  U)' 


Finally,  we  combine  our  two  equations  of  motion  to  yield  a 
single  matrix  equation  for  the  perturbed  velocity  as  a  function 
of  the  perturbing  electric  field. 


Examining  this  equation,  we  see  that 


gives  rise  to  matrix  elements  which 


-/12c  w 

p/.  £0'  \ 

GO 

w  \ 

cj‘_z 

LJ 

co 

c; 

i 

c* 

^3 

O 

6j‘ '/ 

the  zero- 

■th  order  motion 

couple 

the  axial  and 
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perpendicular  fields.  The  beam  mixes  the  axial  and  perpendicular 
motion . 

i 


Also,  we  notice  a  factor  of  (jj' z  •  This  term  is 

divergent  for  CJ  -  -  and  so  we  anticipate  a  resonance  near 
this  frequency.  In  fact,  uj  1  —  —  XI is  just  the  dispersion 
relation  tor  cyclotron  waves  on  the  electron  beam.  We  anticipate 
tnen,  that  the  response  will  oe  greatest  near  a  normal  mode  of 
the  system. 

Next,  we  solve  the  equation  of  continuity  to  give  an 
expression  for  the  perturbed  beam  density. 

■jf  +  v-(f)f)  =o 

Linearizing  and  Fourier  transforming, 

V  *  ? )  — *  n,  /  £ 


2SL 

2rt 


-/  c o  rt. 


i a* (k'\c)  +  in,  [h-r*)  -/  to/?,  = 


s  <P 


And  solving  for  the  perturoed  density, 

n.  k-tf 


n,  = 


60 


J. 


Now  we  are  ready  to  construct  the  perturbed  current  density, 

J  =■  " ne\T=  -z  (r)9+n,)(#  +  v: ) 

-  *-  f)<>  *  +  A  ^ 
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Defining  tne  perturbed  current  density  as 

3.  =  -e(rt,  \f.  vf  n0) 

and  using  the  result  for  derived  above,  we  find 


-'fa*  **&*>)• 


where  dL  is  the  unit  tensor. 


Computing  [4J  dL-t-  and  using  the  expression  for  V 

obtained  above,  we  have  / usl  CU* 

(u  .  .  \/  “  -*■  \ 

°  »■  •  I  ^  ^  V 

\kp  •  "/\<>  o  -rk^y 

Carrying  out  the  matrix  multiplication,  we  can  express  the 
perturbed  current  solely  in  terms  of  S 

3,‘  cr-  £- 

— ’  9  — 

> 

where  /  ,  t  .  n  .  .  •  O  1/  h  1' 


Q  = 


/  cop 


#Tgu  --fl-t  ) 
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p  Vo  LU' 

/  ntoo' 
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00 

c 

pvj  go' 

vpiC-Qc 

fV.V  , 

r 1  Wx 

y  describing 

the  response  of 

the  beam 

9-°^ 
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to  the  electromagnetic  wave  and 
plasma  frequency. 


Hirr>4.Z 
yr 7 


is  the 


beam 


III.j  Construction  of  tne  Dispersion  Relation 


V 


.ve  nave  used  tne  lorentz  force  law  togetner  with  the  equation 
of  continuity  to  derive  a  conductivity  tensor  for  the  electron 
oeam-rf  system.  We  are  now  ready  to  return  to  the  dispersion 
function  and  calculate  a  useful  dispersion  relation. 

Substituting  g—  into  the  dispersion  function  D, 

* 

D  -|(*£C  ~  KZ)<1L+  t&rr-qr-r  kkj 

we  arrive  at  a  determinants!  dispersion  relation: 


p=  o  - 
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This  equation  defines  the  normal  modes  of  the  coupled  system.  It 
is  exact  to  within  the  limits  of  our  cold  fluid  approach. 

The  dispersion  relation  looks  quite  formidable  but  is 

actually  tractable.  We  expand  in  cofactors  and  then  group  terms 

I  ! _ 

in  powers  of  pTx  .  ,  Z  D  z  :.£s  in  some  sense  a  measure 

LO  UJ 

of  the  strength  of  the  interaction.  we  will  call  terms 

1 

proportional  to  — 77  -  Z~  resonant  since  they  become  large  when 

tJ 

the  electromagnetic  wave  resonates  with  a  cyclotron  wave. 


Grouping  the  resonant  terms  together,  we  can  express  the 


This  is  a  complicated  function  of  CJ  ,  k,  and  all  the  five 
parameters.  It  describes  the  general  case  of  propagation  at  an 
unspecified  angle  through  arbitrary  magnetic  field  strength. 

Before  attempting  a  solution  of  the  general  problem,  let  us 
consider  two  further  limiting  conditions  to  the  dispersion 
relation.  First,  we  will  let  the  cyclotron  frequency  become  very 
large.  We  will  show  that  the  Cerenkov  results  for  a  strongly 
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magnetized  electron  beam  are  then  recovered.  We  will  define  the 
infinite  30  limit  precisely  during  that  discussion.  Next,  we 
will  let  the  cyclotron  frequency  approach  zero  and  show  that  the 
resulting  dispersion  relation  describes  the  Cerenkov  interaction 
on  an  unmagnetized  beam. 


III. 4  Limit  of  Strong  Magnetization 


We  let  the  applied  magnetic  field  increase  without  bound.  In 

i 

the  infinite  So  limit,  the  quantity  Jlp  becomes  very  small 

and  the  resonant  terms  vanish.  The  dispersion  relation  reduces  to 

LOZ-  <z—  +•  ^!L (. ^~)t"  ^  -  o 

e  (-r  uo'z 

We  recognize  this  as  the  relation  derived  in  chapter  two  in 
connection  with  our  discussion  of  the  Cerenkov  instability.  The 
"Cerenkov”  dispersion  relation  appears  easily  as  a  limit  of  the 
present,  more  general  D. 

Let  us  next  determine  precisely  how  large  the  applied  field 
must  be  to  be  properly  regarded  as  infinite.  Our  procedure  will 
be  as  follows.  We  will  first  assume  the  cyclotron  frequency  to 
be  large,  but  finite.  We  will  then  compute  the  shift  in  the 
Cerenkov  roots  owing  to  the  B-field  dependent  terms.  Requiring 
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that  this  shift  oe  small,  we  will  define  the  sense  in  which  a 
field  is  infinite. 

As  a  first  approximation  we  assume 

»  co' 2 

Recognizing  that  CO  is  proportional  to  the  Cerenkov  growth  rate, 
we  can  restate  this  inequality  as  follows.  We  assume  that  the 
frequency  of  gyromotion  of  the  electrons  is  much  greater  than  the 
growth  rate  of  the  Cerenkov  interaction.  Physically,  the 
electrons  perform  many  orbits  in  one  e-folding  time,  using  this 
assumption  in  equation  IXI-a,  we  have  for  our  large  3o  dispersion 
relation. 


Expanding  the  determinant. 
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The  last  term  in  this  expression  is  much  smaller  than  tne  others 


and  we  may  ignore  it.  We  rewrite  the  remainder  to  give 

u£t  _  kl  -  P- _  _  *11  =  o 

c'  (i+&r)  ' 

This  is  just  the  Cerenkov  relation  for  a  strongly  magnetized  beam 

i  COp 

modified  by  the  factor  /  -f  - rr-g —  in  the  last  two  terms. 

1  fr 

The  precise  result  derived  in  chapter  one  is  recovered  if  we 


require 
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Let  us  express  this  last  in  terms  of  more  fundemental 
quantities.  We  have,  then. 
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This  relation  defines  the  Bo  equal  to  infinity  condition.  To 


l/ 


a  first  degree  of  approximation,  a  field  is  infinite  if  it 
satisfies  equation  Ill-b.  Only  the  space  charge  wave  is  unstable 
in  tnis  limit;  the  cyclotron  wave  is  disregarded. 


III. 5  Limit  of  Weak  Magnetization 

As  the  applied  magnetic  field  falls  to  zero,  the  dispersion 
relation  reduces  to 
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of  0.  expanding  the  determinant  and  grouping  terms  in  powers  of 


We  note  immediately  that 


is  a  factor 


CO' 


,  we  can  write  the  dispersion  relation  as  follows. 


-  O 


This  result  reproduces  previous  calculations^. 


A'/ 
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III. 6 


discussion 


V 


As  in  our  discussion  of  the  Cerenkov  instability,  it  is 

useful  to  plot  tne  dispersion  relations  for  the  free  wave  and 

slow  cyclotron  wave  on  the  same  axes.  See  figure  III-2.  In 

.  ^ 

contrast  to  the  Cerenkov  case,  the  constraint  K  VC  >  =-  does 


k 

not  insure  an  intersection.  Requiring  that  L (y  —  .Qc  > 

•  i/e 


we  find 


That  is,  the  beam  velocity  must  exceed  the  soeed  of  light  in  the 
medium  oy  an  amount  equal  to  the  phase  velocity  of  the  cyclotron 
wave  in  the  beam  frame.  This  relation  constitutes  the  Cerenkov- 
cyclotron  threshold. 


Let  us  next  use  f  igure  III-2  to  determine  a  relationship 
oetween  k  and  p.  That  is,  to  specify  the  angle  of  propagation  at 
syncnronism.  Setting  . r»r 

_  c  k 
( lTcose-jL€-iZt  =  p” 

and  solving. 


C°i  & 
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Kv, 
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Figure  III-2  Synchronism  with  the  slow 
cylotron 

Figure  III-2  Synchronism  with  the  slow  cyclotron  wave 


>13 


r.nis,  tnen,  is  tne  angle  at  whicn  tne  peak  growtn  occurs, 
equivalently,  it  is  tne  angle  at  which  synchronous  radiation  of 
wave  nu.noer  k  propagates. 

Tnis  is  understood  as  follows,  wle  consider  radiation  of  a 
particular  frequency.  Fixing  tne  applied  field  (,QC)  and  the 
accelerating  voltage  {  y''  )  ,  we  can  look  out  througn  theta  and 
ask  aoout  the  growth  of  the  wave.  For  small  angles,  some  growth 
will  occur.  The  exenanqe  of  enerav  is  inefficient,  however. 
Electrons  spend  almost  as  much  time  having  work  done  on  them  by 
the  wave  as  they  do  doing  work  on  the  wave.  As  we  increase  theta 
from  zero,  the  gain  increases  and  is  maximized  at  an  angle 
jictated  oy  synenronism.  Effectively,  we  have  varied  the  detuning 
of  tne  electromagnetic  wave  from  the  beam.  3est  coupling  is 
achieved  for  minimum  detuning;  tnat  is  ,  at  synchronism3. 


Le  t  us 
can  -rite 
parts . 


now  examine  the  form  of  the  dispersion  function.  we 
D  as  tne  sum  of  an  uncoupled  oart  ana  two  coupled 
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the  uncoupled  part,  given  Dy 

tr- 

is  obviously  the  free  wave  solution.  It  deoends  neither  on 
resonant  terms  nor  on  the  beam  plasma  frequency.  is  the 

unperturbed  solutipn  of  the  problem  of  an  electromagnetic  wave 
moving  through  a  dielectric  medium. 
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I’ne  first  of  tne 


l/ 


C  nk 0  w* 
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coupling  terms  is  given  oy 


This  term  is  independent  of  the  cyclotron  frequency  and  describes 
a  longitudinal  mode,  the  soace  charge  mode.  Me  have  seen  that 
when  the  apolied  magnetic  field  is  increased  without  bound, 

Pf®  i 

.  That  is 

<■«<•*/)£ o/  fere«^6/-  CycA 

D  D 


as  5o  oecomes  finite,  Doth  terms  perturb  the  free  wave.  There 
are  two  separate  synchronisms  nere  and  two  resonant  frequencies, 
now  distant  tne  two  effects  are  and  wnich  one  dominates  must  be 
determined  from  a  careful  solution  of  tne  dispersion  relation.  As 
3o  goes  to  zero,  both  coupling  terms  become  resonant  with  the 
space  charge  wave.  This  suggests  the  Cerenkov  interaction  on  an 
unmagnetized  beam. 


Me  conclude  from  this  qualitative  inspection  of  the  disoersion 
function  tnat,  as  tne  parameter  3o  is  varied  from  zero  throjgh 
tne  infinite  regime,  the  roots  of  the  dispersion  function  are 
smoothly  varying.  This,  togetner  with  tne  fact  of  recovering  tne 

4  6 


3o=zero,  8o=in£inity  limits,  provides  evidence  that  we  have 
correctly  derived  the  general  disoersion  relation. 

We  next  sketch  the  roots  of  the  unoerturoed  disoersion 
relation  in  the  £J  -k  plane.  These  include  two  seam  cvclotro.n 
waves,  two  oeam  space  charge  waves,  and  tne  free  electronagnetic 
wave.  we  neglect  tne  plasma  frequency  wit.n  resoect  to  tne 
cyclotron  intercept  and  snow  t '  ase  curves  in  figure  1 1 1  —  3 . 

mere  are  two  points  of  particular  interest.  Tne  first  is  the 
intersection  of  the  space  cnarge  line  and  tne  free  wave  curve; 
tne  second  is  the  intersection  of  the  slow  cyclotron  line  with 
the  free  wave.  The  former  defines  a  synchronism  of  the  soace 
charge  wave  with  an  electromagnetic  wave.  The  latter  defines 
synchronism  with  the  slow  cyclotron  wave. 

We  have  seen  that  the  slow  space  charge  wave  is  unstable  near 
synchronism.  For  frequencies  nre*ter  than  the  synchronous 
frequency,  there  are  two  real  roots.  3elow  a  critical  value,  the 
roots  are  complex. 

Similarly,  we  expect  the  slow  cyclotron  wave  to  destaoilize 
near  synchronism.  In  this  case,  however,  the  instaoility  is 
oou.nuea  ootn  aoove  and  oe low  in  frequency.  3eyond  tnese  cutoffs, 
tne  solutions  are  dotn  real;  within,  a  complex  conjugate  pair.  A 
sxetch  of  the  pertubed  dispersion  relation  is  shown  in  figure 
1 1 1-4 . 
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In  tne  next  two  chapters  we  will  investigate  t.ne  tne 
Cer enkov-cyclotron  instaoility  in  detail  by  solving  tne 
dispersion  relation  near  synchronise  with  tne  slow  cyclotron 
wave.  For  now,  however,  let  us  nake  a  few  observations  relating 
to  the  general  ohenomenology  oredicted  bv  figure  III-4. 

To  begin,  we  note  that  for  a  given  oeam  energy  tne  cyclotron 
interaction  occurs  at  a  higher  frequency  than  does  the  Cerenkov 
interaction.  For  realistic  field  strengths,  this  ooints  to  an 
intrinsically  nigher  frequency  device. 

Also,  tne  resonant  frequency  tunes  to  the  .magnetic  field 
strengtn  as  well  as  the  Qea.n  energy.  <<ie  have  seen  that  tunaoility 
is  an  important  feature  of  a  useful  radiation  source  and  so  this 
is  an  attractive  feature. 


V 


The  question  of  which  instability  dominates  is  certainly  of 
interest.  In  the  limit  of  weak  magnetization,  the  slow  cyclotron 
line  coalesces  with  the  soace  charge  line.  The  roots  vary 
smoothly  into  the  previously  obtained  solutions  of  that  oroblem. 


In 

tne  limit  of  large 

cyclotr 

on  roots  are  snif ted 

a  later 

cnaoter  that  tnis 

cnar  ge 

roots. 

3o,  as  defined  orecisely  above,  the 
to  infinite  frequency.  <Je  will  see  in 
implies  the  dominance  of  the  soace 


bJ 


9- 


|9 


Por  finite  magnetic  field,  tne  two  effects  coexist.  Th e 
longitudinal  and  transverse  instaoilities  both  occur,  their 
proportions  oeinq  dictated  by  the  growth  rates.  -ihile  coupling 
to  tne  space  charge  wave  has  oeen  verified  exoer  imentall  v,  tnere 
nas  oeen  no  report  of  coupling  to  tne  cyclotron  mode  in  a  free 
electron  laser  system.  It  is  of  extreme  interest  to  demonstrate 
tins  effect.  ,ve  will  see  that  it  is  a  very  promising  source  of 
nign  frequency  waves. 


Cnacter  Four 
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IV. 1  Forward  Propagation 


The  expressions  we  have  derived  thus  far  are  still  quite 
general  in  the  sense  that  they  describe  radiation  oropagatinq  at 
an  arbitrary  angle  to  the  zero-th  order  beam  motion.  The  magnetic 
field  strength  is  also  unspecified.  Before  solving  the  general 
oroblem,  however,  let  us  consider  the  case  of  a  forward 
cropagating  electromagnetic  wave.  That  is  'p  *  &  *  O  .  in  this 
limit,  tne  radiation  cooropagates  with  the  electron  beam,  both  in 
tne  z-direction.  Recall  also  that  we  are  no  longer  working  in 
tne  3o*inf inity  limit  and  so  anticipate  solutions  which  depend  on 
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Recall  now  the  dispersion  function 
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J J.isct uc tin i  _>  ve  see 


and  so  the  normal  modes  of  tne 


system  are  circularly  oolarized 
Performing  the  cnanoe  of  oasis,  we  nave  for  the 


disoersion  function 
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The  aeterminant  is,  of  course,  trivially  evaluated  giving  four 
solutions.  Defining  the  quantity 


The  four  solutions  are 
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relations  IV-c  ana  IV-4  descrioe  fast  and  slow  space  charge 
waves.  Inese  .nodes  ace  decoupled  from  the  transverse  "notion  and 
snow  no  dependence  on  tne  cyclotron  frequency. 

Relations  IV-a  and  IV-b  describe  tne  coupling  of  the  fast  and 
slow  cyclotron  waves  to  tne  rf.  Dependence  of  the  apolied 
magnetic  field  as  well  as  on  the  dielectric  constant  of  the 
medium  is  seen. 
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IV 


.-inaiysis  or  tns  Jispcrsion  nelations 


■ie  nave  derives  expressions  relating  co  and  n  for  tne 
■  1 1  en.noo es  of  our  coupled  oeam-rf-dielectr ic  system.  We  can  next 
as'x  if  any  of  tnese  normal  modes  are  growing  waves.  The  soace 
charge  waves  are  easily  seen  to  be  stable  07  inspection  of 

equation  iv-c,d  •  The  cyclotron  modes  require  more  detailed 
attention. 


we  will  enoloy  a  tecnnique  known  as  root  locus  plotting.  * 
root  locus  plot  shows  regions  in  the  complex  plane  which  are 
roots  of  tne  dispersion  function  for  some  combination  of  problem 
parameters.  Only  certain  00-vectocs  satisfy  the  phase  relations 
aictated  oy  tne  dispersion  relation;  those  that  do  not  can  never 
we  toots  of  tna  dispersion  function.  A  real  root  indicates  a 
^taole  moae .  A  non  zero  imaginary  component,  however,  describes 
an  exponentially  growing  wave.  We  rewrite  the  cyclotron 
dispersion  function  as  follows: 

D(uia!r)  ,  _ (jj)  (j o' 
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where  the  olus/minus  sign  indicates  the  slow/fast  wave, 
resoectively.  Roots  of  the  function  F(to,k)  are  also  roots  of  0, 
excect  oossibly  along  the  line  (jjz*  We  require  then  that  the 


quantity 
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-  (un.ojK)(te~oi>K)(  u>‘  ±  uj 
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oe  real  ana  positive  if  LO  is  to  satisfy  tne  dispersion  relation. 
Equivalently,  a  numoer  to  =  must  introduce  a  pnase  snift 

of  2nrr  (n  an  integer)  if  cJ  is  a  root. 

6ol 

Also,  we  can  vary  the  coupling  parameter:  - T  .  As  we  do 

?  r 

so,  the  quantity  OOg_  g  C^>i)  oust  remain  eaual  to 

£  r 

unity  if  F(u>,k)  is  to  vanish.  For  weak  couolinq,  a  root  must 
approach  a  pole  of  G(oo,k): 


±  ioK  ;  k  Vo  i2c 


As  the  coupling  strengtn  increases,  the  roots  leave  the  poles  and 
.nove  toward  tne  zeros  of  G : 


In  so  doing,  the  roots  describe  trajectories  along  wnich  the  beam 


strength  is  a  parameter. 


Let  us  now  draw  root  locus  plots  of  the  fast  cyclotron  wave. 

C 

Plots  are  shown  for  botn  subluminal  ( K <  )  and  superluminal 

(  )  Dropagation  in  figures  IV- 1  3nd  IV-2. 

Tne  fast  cyclotron  roots  lie  entirely  along  the  real  axis. 
Only  real  frequencies  satisfy  tne  dispersion  relation  and  we 
conduce  tnat  tne  fast  cyclotron  wave  is  staole.  Th’s  could  have 
oeen  anticipated  since  we  expect  only  slow  waves  to  oe  unstable. 

We  snow  root  locus  plots  for  tne  slow  cyclotron  wave  in 
figures  IV-3  and  IV-4.  For  oeara  velocities  less  tnan  tne  sceed 


of  light  in  the  dielectric,  the  roots  are  real;  the  s  vs  ten  is 
staole.  Above  Cerenkov  threshold,  however,  the  root  trajectorv 
leaves  tne  real  axis  ana  takes  on  a  non  zero  imaginary  component. 
This  wave  grows  exponentially  in  time  ana  is  said  to  oe  Cerenkov- 
cyclotron  unstaole. 
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Figure  IV-2  Root  locus  plot  of  the  fast  cyclotron  mode 

Case  2:  j( 
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Figure  IV- 3  Root  locus  plot  of  the  slow  cyclotron  mode 

Case  1:  KVo  <  -j===? 


Figure  IV-4  Root  locus  plot  of  the  slow  cyclotron  mode 

Case  2:  KVi  >  j-jf. 


Iv.j  Solution  01  cne  Dispersion  .^elation 


.ve  can  find  an  analytic  expression  for  tne  oeak  gain  of  the 
system  Py  solving  the  dispersion  relation  near  svncnronism. 


Recall 
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If  the  couoling  terns  are  snail  compared  to  the  unoerturbed  root, 
we  expect  solutions  which  are  shifted  slightly  from  that  root. 
Of  interest  is  tne  imaginary  part  of  the  snift.  he  estimate  the 
magnitude  of  tnat  quantity  by  evaluating  the  perturbation  term 
oirectly  at  synchronism. 


Operationally,  we  rewrite  equation  IV-a  to  give 
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Setting  CO*  equal  to  “12c.  in  the  right  hanu  side,  and  recognizing 
that  at  synchronism,  we  find, 
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Solving,  we  obtain  the  following  simole  expression  for  the  growth 
rate: 
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I iic  jair.  is  saen  to  -c  o  function  or  Ine  wove  nu.Titet  , 
cyclotron  irequency,  usa:n  energy,  dielectric  constant,  as  «ell  as 
„eaa  screngtn.  At  synenr onism ,  However  ,  only  roar  of  t.nese 
oar a.ue ter s  vary  independently.  If  any  three  of  t.ne  first  four 
parameters  just  mentioned  are  fixed,  tne  fourth  is  uniquely 
specifies  according  to 


Ujk  - 


IV-  f 


wnere  Vo  is  exoressable  in  terms  of  . 

_,sing  equation  IV-e,  we  can  make  exDlicit  the  deoendence  of 
tne  gain  function  on  a  particular  parameter.  Plotting  the 
resulting  relations,  we  can  investigate  tne  gain  characteristics 
of  tne  system. 


Deoendence  of  the  Jain  on  Beam  Energy 


We  treat  the  dielectric  constant  of  the  medium,  Dlasma 
frequency  (beam  current),  and  cyclotron  freauenev  (aoolied 
magnetic  field)  as  constants,  and  eliminate  the  dependence  of  the 
gain  of  wave  number.  The  growth  at  synchronism  is  then 
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jsm j  t.us  relation,  we  can  extress  tne  tar  a sr. old  cor.uition  in 


terns  at  tne  electron  ceait  energy  a.s 
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Vs  tne  enerqv  rises  fron  jnitv, 
tnresnold,  reaches  a  raxinun,  ana 
tne  limit  ot  ninh  enenv,  \  slot 
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is  shown  in  f inure 
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..Jtmj  tnat  at  syncnromsn,  trie  wavenu.roer  is  excressaoie  i: 
ter. ns  of  tne  rauiation  frequency  ( m  Jz)  according  to 

Znff 


lk,.h  Tv 


we  rewrite  the  growth  rate  as 
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(A 
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fixing  cne  cyclotron  frequency,  «e  can  tone  me  raiiatic.n  to  tea- 
energy.  A  wave  of  frequency  \J  is  sync  nr  onous  «m  a  ceam  of 
enern v 


r- 


'  i 


L 

using  tms  exoression  m  equation  IV-e,  we  can  excress  tne 
gain  at  constant  cyclotron  frecuencv  ani  ream  current  in  terns  of 
tne  radiation  frequency  to  give 


i'i(i+  Si) 

i/7re  ^ 

nc 


UJT  = 


We  see  that  for  )J  »  - *•  ,  the  numerator  aooroaches  a 

“Zrr 

constant.  The  gain  in  this  high  frequency  limit  falls  off  as  the 
frequency  to  the  minus  one  half  oower.  A  olot  is  shown  in  figure 
I V-6 . 


Finally,  we  note  that  the  gain  is  mleoenlent  of  the 
cyclotron  frequency  for  fixed  oeam  enenv. 

■ve  see,  tnen,  tnat  a  circularly  polarized  electromagnetic 
wave,  copropagating  witn  a  superluminal  electron  dean,  is 
Cerenxov-cyclotro.n  unstaole.  Tms  effect  nas  no  analogy  in  tne 
pure  Cerenxov  case  where  tne  forward  prooagating  wave  was  seen  to 
oe  stable.  i’ae  stuoy  of  propagation  t.nrougn  a  finite  magnetic 
field  is  tnerefore  well  motivated.  The  question  is  now  raisen. 


> 


o  7 


nowever  , 


«.iet."st  one  can  extract  more  energy  rrom  tne  electron 
jeao  cy  propagating  an  electromagnetic  wave  through  it  at  some 
angle  not  equal  to  zero.  In  analogy  with  the  Cerenkov  case,  we 
expect  tnat  tne  general  case  will  show  a  larger  growtn  rate  and 
that  orooagation  at  a  .modified  Cerenkov  angle  will  maximize  the 
lain. 


>3*7 
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Cnaoter  Five 


.vt-  .ia^t  used  '■•axweil's  equations  togetner  witn  our 
conductivity  tensor  to  derive  3  dispersion  relation.  Toe 
dispersion  relation  governs  small  amplitude  electromagnetic  waves 
propagating  at  an  angle  tnrougn  a  magnetized  electron  oeam,  In 


tne  limits 

of 

strong  and  weak  magnetization. 

tnis  equation 

reproduces 

tne 

Cerenkov  relations. 

In 

the 

limit  of  small 

transverse 

wave 

number,  it  yields 

tne 

forward  orooagating 

cyclotron  results. 


V . 1  Solution  of  the  General  Dispersion  delation 

It  is,  in  general,  difficult  to  Detain  an  analytic  solution 
to  tne  dispersion  relation.  Sven  near  synchronism  tne  equation  is 
sixtn  degree  in  tne  frequency.  A  solution  of  tne  most  general 
wtoolem  is  only  practical  using  numerical  techniques  in 
conjunction  witn  a  nigh  speed  computer.  *e  can,  nowever, 
solve  the  prooler.  analytically  in  the  limit  of  low  oeam  density. 
In  tnis  limit,  the  beam  olasma  frequency  is  small  comoared  to  tne 


oneratini  freciencv.  .'e  retain  terms  of  tna  or:er  of  , 

COk 

out  iiscaro  niqner  oruer  terras,  .ve  ..ill  see  in  tne  next  section 
cnat  tins  is  an  excellent  apcroxi  nation. 


<ur  "  weax  oea.m"  oispersion  relation  is  ji van  oy 
Golf  -  lrz  \  ,  _J — - 
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.ve  rewrite  tnis  expression  to  jive 


(U)-o;K)(co  v-covjfio'-^cX^V^c)  -  -£_UJlll 
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solvinq  near  synchronism  with  tne  slow  cyclotron  wave  we  find 


(CO-GJ*)  = 


60r 


H  crS^e* 
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w.nere  we  have  made  ise  of 


Co  —  llo  v-a 

finally,  we  nave  for  our  solution, 

Ms*1#  "D 

-;?nc! 

\s  in  the  case  of  the  focward  oropaqatinq  wave,  it  is 
important  to  note  that  not  all  the  oarameters  which  apoear  in 


■Tor 


equation  V-b  mav 


be  specified  indeoendentlv  at  synchronism. 


betting 


lok  =  k^o  -ilc 


*o  fine  cnat  cne  angle  of  orooagation  must  satisfy  tna  following 


relation: 


-  /  " 
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'.instituting  this  expression  into  equation  V-b,  we  can  rewrite 


the  nrowth  rate  to  give 


■  f*  ~  0  +  jtS]  ~ 


nete,  we  nave  made  explicit  tne  dependence  on  the  oeam 
energy,  r£  frequency,  and  cyclotron  frequency.  To  the  extent 
tnat  tney  uo  not  violate  equation  V-a,  these  parameters  may  now 
ue  treateu  as  independent  variables. 


V.  2  Tnresnold 


Before  analyzing  our  gain  exDression,  let  us  obtain  a 
tnreshold  condition  for  the  instability.  Requiring  that  the  rnht 
nand  side  of  equation  V-b  be  imaginary,  we  find 


co?  (/-ft) 
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it  is  clear  tnat  me  two  orac<etej  factors  can  never 


ve 


sane  sign.  This  would  imply  tne  contradiction  of  fe  oei.nn 
ootn  greater  than  and  less  than  unity,  Since  is  a  oositive 
definite  guantitv,  we  nay  rewrite  the  ineauality  as  follows: 

IL 
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Since  ■*>  is  also  a  nunoer  greater  tnan  zero,  we  nave  tnat 

CO* 
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ik 
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i:us  is  loentical  to  tne  tnresnold  condition  ootaineo  in  our 
jiscussion  of  ngure  III-2. 


7.3  Validity  of  the  Weak  3ean  Criterion 


Let  us  next  define  the  limitations  imoosed  bv  the  weak  beam 
a  cor  ox ima t ion .  Ve  have  discarded  second  and  third  degree  terms  in 
tne  gu antitv  CUp"  •  ,e  require  then  that 

LOp  <<  ujf 

<e  rewrite  tne  plasma  frequency  as  follows. 
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For  /\  of  order  one  centimeter  and  a  oeao  radios  of  oroer  1 
centimeter,  this  relation  is  well  satisfied  for  beam  currents 
ocoroacnin}  one  tenth  Io.  The  weak  beam  redime  tnus  includes 
currents  of  one  to  two  kiloamoeres. 

for  of  or jtr  one  hundred  microns,  tnis  domain  is  extended 
jr-atiy.  do  am  currents  of  order  /O^*  -coin  to  violate  tr.e 
..  ,.,r-Ai  r.c  cion.  itoSc  career,  to  at  -  icver  :.i.  ,t;ers  ji  'asm  tude 
jL.Ater  t..A.i  t/^iccl  values  in  a  -erenk^v  tyue  -evice.  . e 
conciuot-  t.iut  tr.e  weax  oeam  oupr cx ir.a cion  is  an  extremely  700  i 
jne,  1. ..(.031:13  only  .mu  limitations  on  t.ne  cro^ltm. 


/.  4  hn a lysis 

.ve  clot  the  irowth  rate  versus  beam  enerov  in  fivire  7-1.  is 
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t.iere  u  no  jam  :.-iuw  tnres.vold.  At  tnresnolo  tne  jam 
rises  snacply  ana  peaks  near  S'  -2.  As  in  tne  case  of  tne  forward 
propagating  wave  tne  growtn  falls  as  ^  to  the  minus  one  naif 
power  in  the  nigh  energy  limit. 
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GAMMA 


60 


GAIN  *  IE-9 


Figure  V-Ia  Gain  vs.  Beam  Energy 
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jJext  we  snow  tne  dependence  of  tne  gam  on  ooeratir. ; 
frequency.  Curves  are  snown  for  two  values  of  the  applied 
magnetic  field  and  oea.n  energy  in  figure  v-2.  Gain  is  an 
increasing  function  of  frequencv.  Substantial  -growth  is,  indeed, 
possiDle  at  high  frequencies. 

For  <JT^  =1.4  *\nd  nagnetic  fields  in  the  range  from  two  to  ten 
kilogauss,  gains  between  10*1  and  10*lu  oer  second  are  credicted. 
These  are  quite  large.  ’it  >t  =?(5G0  KeV)  ,  these  figure  are 
uouoled,  approximately.  Ve  see,  then,  tnat  suostantial  growth  is 
oossiole  using  nodest  oeam  energy  and  a  plied  field  strengtn. 

Let  us  consider  next  how  the  gain  function  responds  to 
cnanges  in  tne  applied  field.  The  behavoir  is  shown  in  figure  V- 
J.  i’ne  gain  is  a  slowly  decreasing  function  of  field  strength. 
Gains  at  low  field  are  very  large;  these  exceed  10*10  per  sec. 
For  higher  fields,  these  figures  drop  by  a  factor  of  two. 
Recalling  tnat  the  interaction  frequency  rises  linearlv  with  the 
nagnetic  field,  we  are  tempted  to  conclude  that  high  frequency, 
nigh  oower  ooeration  is  si.moly  a  matter  of  increasing  the 
magnetic  field  strength.  This  is  not  so.  Ve  will  see  in  the  next 
section  that  problems  associated  with  high  frequency  operation  of 
a  real  device  complicate  tne  issue.  These  results  do  show, 
however,  tnat  suostantial  gain  of  a  submillimeter  wave  can  be 
acnieved  for  reasonacle  experimental  parameters. 
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Figure  V-  2c  Gain  vs.  frequency 
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:  IX 


VI. 1  A  Cerenxov-Cyclotron  Free  "lectron  Laser 

'jntil  this  ooint,  we  have  neen  concerned  with  understanding 
the  cnaracter  of  the  Cerenkov-cyclotron  instaoility  in  the 
infinite  medium.  The  focus  has  been  on  understanding  the  oehavior 
of  tne  gain  function  and  on  determining  the  tooolcgy  of  tne  roots 
in  tne  vo -<  plane.  Let  us  now  address  tne  issue  of  a  real 
Cer enxov-c/ciotron  device. 

^uc  tneory  has  considered  an  electron  oeam  oassing  directly 
t.ncougn  tne  dielectric  .medium.  While  a  system  of  this  design  may 
-cove  practical  using  gaseous  dielectrics  and  extremely 
relativistic  beams  (  dr  ~  flO-7  )  ,  it  will  not  be  given  attention 
nere.  Rather,  we  will  imagine  the  electron  oeam  oassing  close 
to,  Dut  not  through,  a  finite,  dielectric  structure.  One  oossible 
configuration  is  shown  schematically  in  fiaure  VI-1.  It  emolovs 
a  se  n  i- in  f  in  i  te  ,  dielectric  slab.  An  electron  beam  of  circular 
cross  section  and  diameter  "b"  oasses'  through  the  vacuum  channel 
in  tne  guide.  Above  threshold,  Cerenkov  radiation  is  excited  in 
tne  dielectric  lining.  Consideration  of  t.ne  transverse  oou.ndarv 
value  proole.n  snows  tnat  sucn  radiation  is  evanescent  in 

O'J 


MAGNET  COIL 


Figure  VI- 1  Schematic  of  Cerenkov  (-cyclotron)  free  electron  laser 
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me  region.  me  exact  dependence  is  given  cy 
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and  "d"  is  the  distance  to  the  dielectric  wall. 

It  is  to  this  decaying  electronag  net  ic  field  that  the  slow  waves 
couple.  The  fields  are  sketched  in  figure  vi-2. 

Tnere  is  one  further  comol ication .  A  real  electron  dean 
cannot  pass  aroittarily  close  to  tne  vacuu.n-d  ieiectr  ic  interface. 
Space  cnarge  effects  are  one  reason  for  tnis.  Early  electrons 
caugnt  on  tne  insulating  surface  repel  later  electrons,  We  must 
therefore  suppose  a  finite  gap  between  tne  bean  edge  and  the 
dielectric  wall.  This  gap  is  of  dimension  "d"  and  has  been 
included  in  figure  VI-1. 

We  have  said  tnat  the  bean  couoles  to  a  degraded 
electromagnetic  field  in  the  vacuum  region.  Qualitatively,  this 
system  retains  many  of  the  features  of  the  infinite  medium.  The 
strength  of  the  interaction  is  lessened,  however.  We  can 
incoroorate  this  effect  into  our  theorv  by  defining  an  effective 
couoling  oarameter,  (X)p  ~ . 


We  use  equation  Vl-a  to  average  the  fields  in  the  vacuum 


region  over  tne  beam  cross  section.  Tnis  gives 

eT3t*  ( /- 
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:ne  strenjtn  of  tne  interaction  depenis  on  tne  fields 
<iucn  tne  oea.n  actually  "sees”  m  tne  nole. 

Ooviouslv,  Dean  optics  plays  an  important  role  in  this 
device.  Tight,  well  focused  oeams  and  narrow  gaos  lead  to  better 
coupling  according  to  equation  VT-a.  Wide  oeams  and  large  gaos 
yield  less  gain. 

The  oest  electron  bean  generator  and  focusim  available  today 


would 

permit 

12  3 

a=50 

microns  and  d  *  1 0 

microns  for  the 

beam 

diameter  and 

gap 

size , 

respectively.  Tnese  figures  could 

be  as 

large 

as  1  centimeter 

and  1  millimeter. 

however.  We  will 

use 

tnese 

values 

to 

define 

a  "best  case"  and 

a  "worst  case." 

doth 

cases 

will  oe 

examined . 

Let  us  next  use  our  effective  coupling  strength  to  determine 
tne  jam  characteristics  of  tne  system.  Suostituting  into 
equation  y-b  we  find 
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^t  synchronism,  g  can  be  rewritten  to  give 
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Exanmation  of  tnis  expression  reveals  one  of  the  most  serious 
limitations  to  snort  wavelengtn  operation.  Coupling  strength 


o4 


2_  0 

is 


falls  off  at  toe  shorter  wavelengths  an  til  the  instability  is 
quenches.  Growth  at  the  very  shortest  wavelemths  vanishes 
siriclv  because  t.nere  is  not  enouih  field  in  the  :ean  region  to 
nrive  t.ne  interaction. 


Let  us  try  to  unaerstand  tore  oreciselv  tne  1  imitations 
l.nooseo  oy  tms  coupling  problem.  -\e  define  the  reciorocal 
quality  of  tne  system  by 

1  _  /o<  ^ 

^Theory  <£"V)e^y  d 

It  is  this  number  which  carries  information  aDout  the  feasibility 
of  a  real  laser.  Assigning  a  phenomenological  Q-laser  to  the 
cavity  shown  in  figure  Vl-1,  we  require  that 


O  >  Q 

^  l~c*Se'  Theory 

for  break-even  main  or  oetter.  That  is, 
growth  of  the  wave  oe  great  enough  to  offset 
losses  in  a  real,  optical  system. 


we  reauire  that  the 
f r  equency-deoendent 


For  typical  microwave  cavities,  a  J  of  lk  is  considered 
small,  lux  is  reasonable  and  lm  is  quite  large.  For  submillimeter 
and  far  infrared  operation,  the  figures  may  be  a  factor  of  ten 
greater,  .ve  will  take  tne  range  llik  to  luGk  as  cnar  acter  istic 
of  a  realistic  laser  cavity. 


Our  next  step,  then,  is  to  examine  the  reciorocal  Q  of  our 
bounded  system.  We  plot  1/Q  versus  1/gamma  in  figure  VI-3  for  two 
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values  applied  ficla.  me  frequency  is  governed  oy  tne 
ce-jjice  .lent  of  syncnronis.n  anJ  so  varies  along  tne  curve. 

At  tne  extremes,  the  reciprocal  2  falls  to  zero.  «ith  it  goes 
tne  oossiDility  of  extracting  energy  from  the  Dean  in  tnese 
limits.  "or  small  l/gamma,  tnis  drop  reflects  the  1/ (gamma) * . 5 
dependence  of  the  gain  in  the  high  energy  limit.  As  1/gam ma 
aooroacnes  unity,  the  droo  is  .more  aoruot.  This  is  a  threshold 
effect. 

rne  function  reaches  a  broad  maximum  in  the  neighDorhood  of 
X'  =u .7.  Tnis  suggests  that  beams  in  tne  range  3OO-600  KeV 
couple  most  effectively  to  tne  radiation  field.  These  are  modest 
oeam  energies.  A  device  capable  of  producing  such  beams  could  be 
quite  compact.  And  since  synchronous  frequency  decreases  with 
increasing  oeam  energy,  tnere  seems  to  be  no  compelling  reason  to 

a 

pursue  very  hign  energy  operation  .  Certainly  this  is  lmoortant 
for  fusion  applications  where  space  and  device  accessabil ity  are 
at  a  premium.  It  is  also  a  clear  economic  advantage. 

At  the  maximum,  figure  VI-3  Dredicts  a  2-theorv  of  about  500. 
we  have  said  that  laser  2's  of  many  times  this  figure  are  quite 
reasonable.  :ie  see,  then,  that  the  Cerenkov-cyclotron  instao.litv 
is  oowerful.  The  effect  can  drive  even  modest  resonators  to  vield 
suostantial  growth. 

Anotnet  configuration  of  current  interest  is  the  dielectric- 
lined  circular  waveguide  .  All  the  arguments  of  decaying  field 

al 
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ana  effective  coupling  still  hold  here.  In  addition,  there  is  the 
oroblem  that  tne  ola.ne  wave  dependence  assumed  tnrouihout  the 
theory  nay  no  longer  oe  valid.  In  general,  this  discreoancv 
introduces  a  factor  %  into  the  main  wnare  P  is  the  cower 
and  tne  axial  electric  field  is  governed  ov  the  ooundary  value 
croolen.  ,ve  nention  tnis  proole.m  but  will  not  treat  it  in  a.ov  wav 
nere.  rue  proole.m  of  finding  for.n  factors  wmcn  extend 
calculations  in  tne  infinite  meaiun  to  specific  geometries  is 
oeing  investigated.  It  may  be  possible  to  develop  a  general, 
tneoretical  machinery  based  simply  on  tne  dispersion  ■'elation  or 
its  denvitives.  Tnis  would,  of  course,  ce  of  great  use  in  tne 
study  of  different  resonator  structures,. 


>/Ll.  1  Summary 

.ve  have  defined  and  understood  a  fundemental  olasma 
instaoility:  the  Cerenkov-cyclotron  instability.  The  effect 

arises  when  the  negative  energy  cyclotron  wave  on  a  saner  luminal 
electron  beam  resonates  with  an  electromagnetic  wave  in  the 
medium. 

Our  model  wa3  a  simole  one.  We  considered  plane 

electromagnetic  waves  propagating  through  an  infinite,  cold  sea 
of  electrons.  A  cold  fluid  theory  described  the  interaction  and 
V  tne  dispersion  relation  derived  in  chapter  three  governs  the 

pnanomenon. 

Altnougn  forward  propagating  radiation  cannot  couole  to  tne 
slow  space  charge  wave,  we  saw  in  chapter  four  that  it  does 
couple  to  the  slow  cyclotron  wave.  The  gain  of  this  system  is 
modest,  nowever.  Growth  rates  of  10*8  to  lu“ 9  (l/sec)  were 
calculated.  We  argued  in  analogy  with  the  oure  Cerenkov  results 
that  propagation  at  an  angle  other  than  zero  might  imorove  the 
situation. 


suspicion  was  confirmee  in  cnaptet  five.  Tnere  we 
calculated  peak  gains  .men  are  one  to  two  oroers  of  magnitude 
greater  tne.n  tnose  of  tne  forward  propagating  case.  Gain  is  an 
increasing  function  of  frequency  for  general  cropagation.  me 
gain  rises  approximately  as  tne  frequency  to  tne  one  naif  no.sr . 
Tnis  is  less  restrictive  tnan  tne  soace  charge  results.  There, 
tne  gain  rose  as  the  one  third  oower  of  the  frequency.  It  is 
also  an  imor ovetent  over  tne  case  of  the  forward  orooagating 
wave  where  the  gain  fell  with  freauenev. 

We  derived  an  explicit  relation  defining  the  infinite 
magnetic  field  limit,  We  found  the  simple  result  that  the  square 
of  the  cyclotron  frequency  must  be  much  greater  than  the  square 
of  tne  beam  plasma  frequency.  In  this  limit  Cerenkov-cyclotron 
growtn  becomes  negligible.  Tne  slow  space  cnarge  interaction 
oominates. 

Finally,  we  considered  tne  possibility  of  a  real  Cerenkov- 
cyclotron  device.  We  saw  tnat  one  of  tne  major  problems  with 
tnese  devices  is  tne  coupling  problem.  Electron  beam  modes  must 
couple  to  radiation  fields  which  evanesce  in  the  oeam  region. 
Defining  an  effective  coupling  Darameter,  we  were  able  to 
incorporate  this  problem  into  the  theory.  The  recicrocal  j  of 
the  interaction  was  introduced.  We  required  that  the  3  of  our 
laser  cavity  exceed  the  theoretical  Q  associated  with  the 
instaoility.  Laser  Q's  of  about  five  hundred  were  indicated  and 
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tnese  are  quite  reasonable. 
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Pernacs  the  most  serious  a oor ox ima tion  :,a:e  in  tr.is  oaoer  nas 
seen  tne  neglect  of  thermal  scread  in  tne  electron  oean.  Tne  js“ 
of  a  cold  fluid  descriotion  limits  tne  aoolicabilitv  of  tne 
theory.  >e  must  now  define  that  limitation  oreciselv. 


3ur  cold  oean  descriotion  ioclies  a  delta  function 
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iistrioutio.n  in  velocity  space  a  t  j30  •  Cyclotron  waves  on  the 

jea.j  ajj  to  tms  picture  uy  niacins  soikes  at 


inis  is  an  idealization.  A  distriDution  function 
c.naracter  izin3  any  real  electron  beam  has  finite  widtn.  we  denote 
t.nat  spread  in  velocity  space  by  and  snow  cold  and  warm  beam 
distributions  in  figure  VII-1. 


We  now  have  a  criterion  by  which  to  evaluate  tne  coldness  of 
the  beam.  We  require  that  the  soread  in  velocity  owim  to  thermal 
notion  of  the  electrons  he  small  comnared  to  the  soread 
associated  with  the  normal  mode  of  oscillation.  Svmool ical 1 v , 
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3y  definition  we  also  have 
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■  Desired 


Saostitutin}  tnese  into  equation  vll-a,  we  require 
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wnere  ]  .  —  is  the  Larmor  radius. 
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Wavelengths  far  ir  excess  of  the  transition  wavelength  are 
well  described  by  the  present  theory.  Wavelengths  slightly 
greater  than  -transition  are  qualitatively  well  described  bv 
our  cold  fluid  theory  although  the  actual  gain  may  be  reduced. 
'Junerical  analysis  nas  shown  this  reduction  to  be  on  the  order  of 
fifty  percent.  wavelengths  oelow  tne  transition  are  badly 
described  oy  tne  present  theory. 

Since  tne  gain  extracted  from  a  cold  oeam  always  exceed  warm 
oeam  growth,  it  is  of  interest  to  specify  the  transition 
wavelengtn.  Inis,  in  turn,  will  define  the  limit  of  applicability 
of  tne  tneory  presented  in  this  paper.  Reasonable  experimental 
parameters  give  a  cyclotron  of  one  centimeter.  :iow  is  a 
numoer  of  order  unity  and  so  our  transition  wavelength  depends 
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crucially  an  the  energy  spread — -•  crude  electron  tun  lives 
an  enetjy  spreao  of  aoout  one  percent.  Less  tnan  one  percent 
is  certainly  attainaole.  Ve  use  tnis  "worst  case"  value  in  our 
expression  for  ^-transition  to  jive 

And  so  wavelengths  far  into  the  submillimeter  are  well 
descriDed  oy  ojt  cold  seat  analysis.  This  is  extremely  promising. 
,ve  have  seen  that  suostantial  gains  are  predicted.  The  discovery 
that  tnese  predictions  hold  for  wavelengths  as  short  as  one 
hundred  nicrons  bodes  verv  wel'  for  the  device. 


vll.3  Conclusions 


Finally,  we  point  out  that  a  Cer enkov-cyclotr on  free  electron 
laser  is  an  intrinsically  nign  frequency  uevice.  For  a  given  beam 
energy,  the  intersection  of  tne  slow  cyclotron  line  with  the  free 
wave  dispersion  relation  occurs  at  a  greater  frequency  tnan  tne 
intersection  with  tne  slow  space  charge  line. 


■\lso,  an  electron  beam  seems  "colder"  to  cyclotron  wave  tnan 
it  does  to  the  soace  charge  wave,  de  can  see  this  by  recalling 
the  derivation  of  the  transition  wavelength  oresented  above.  Had 


we  required 


the  distribution  function  lie  between  delta 
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but  at 
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functions  oositioned  not  at 


,,e  «ouii  nave  ioj", j  a  craasicion  waveie.ngtn  of  aoout  5jj  r.icr ons . 
Since  jam  from  a  coIj  oeam  is  always  jreater  tnan  gain  fro-  a 
warn  oea.n,  tnis  is  a  great  advantage. 

.ve  know  that  substantial  gain  is  oossiole  at  mm 
frequencies.  We  also  know  tnat  oroolems  associated  with  a  real 
ievice  C3n  limit  that  qain.  Havim  oriefly  examined  one  such 
problem,  the  couplin'!  oroblem  and  found  it  to  be  tolerable,  we 
conclude  tnat  the  Cerenkov-cyclotron  instaoilitv  could  be 
exploited  to  great  advantage  in  a  free  electron  laser  system. 
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8.  This  is  not  strictly  true.  The  gain  is  proportional  to 
the  detuning  from  synchronism. 

9.  This,  for  a  cold  beam  in  the  collective  regime.  Consi¬ 
deration  of  the  single-particle  problem  or  of  the  warm 
beam  problem  may  prove  this  conclusion  false. 
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A  High  Power  Cerenkov  Maser  Oscillator 

S.  Von  Laven,  J.  Branscum,  J.  Golub,  R. 
Layman,  J.  Walsh,  Dartmouth  College,  Hanover, 
New  Hampshire  03755 

An  electron  beam  driven, 
dielectric-lined  waveguide  has  produced 
30-100  kW  of  coherent  radiation  over  an 
octave  band  on  the  TM q ^  mode  of  the 
waveguide.  Operation  on  the  TMq^  mode  has 
been  realized  as  well.  Impedance  mismatches 
at  the  ends  of  the  liner  section  provide  a 
reflected  signal,  which  undergoes 
amplification  during  successive  passes. 


Recent  experimental  work  in  the  production  of  stimulated 
Cerenkov  radiation  has  upheld  predictions  with  regard  to  output 
frequency  and  determined  rough  threshold  beam  parameters.  ^  New 
data  demonstrate  the  high  power  and  wide  tunability  obtainable 
through  the  Cerenkov  interaction. 

The  Cerenkov  radiation  that  is  generated  when  a  beam  of 
charged  particles  passes  at  superluminal  velocity  through  or  near 
a  dielectric  can,  in  turn,  modulate  the  beam.  Some  of  the 
radiation  must  be  constrained  to  propagate  in  the  volume  occupied 


by  the  beam.  The  nature  of  the  beam  modulation  is  an  axial 

bunching,  which  enhances  the  intensity  of  subsequent  radiation. 

Beams  of  sufficient  current  density,  which  are  strongly  coupled 

to  the  radiation  field,  will  achieve  a  growth  rate  for  this 

Cerenkov  instability  sufficient  to  overcome  the  various  loss 

mechanisms.  Discussion  of  the  theoretical  background  pertaining 

o 

to  this  device  has  been  presented  earlier. 

The  work  described  here  employs  a  pulsed,  1-40  ampere  beam 
of  100-250  keV  electrons  directed  along  the  axis  of  a  dielectric 
lined  circular  waveguide.  The  pulse  duration  is  about  four 
microseconds.  Design  details  of  the  electron  beam  generator  are 
described  in  an  eailier  article.1 

The  waveguide  geometry  is  such  that  lowest  order, 
azimuthally  symmetric,  transverse  magnetic  modes  will  have  a 
large  axial  electric  field  amplitude  in  the  beam  volume,  even 
when  the  phase  velocity  of  the  mode  is  less  than  c.  The  strength 
of  the  Cerenkov  interaction  is  greatest  for  phase  velocities 
slightly  less  than  the  beam  velocity.  Since  the  phase  velocity 
of  any  of  the  waveguide  modes  decreases  with  increasing 
frequency,  a  favorable  scaling  law  is  obtained  for  output 
frequency  with  respect  to  beam  energy  for  a  given  dielectric 
1 iner . 

Quartz  (6=3.78),  stycast  (6=5),  and  boron  nitride  (6=^.2) 
liners  of  several  thicknesses  have  been  employed.  Frequency 
measurements  are  made  with  a  mechanically  driven,  free  space, 
Fabry-Perot  inter ferometer .  Power  measurements  are  made  with 
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calibrated  lengths  of  a  lossy  material  and  either  square-law 
detector  diodes  or  a  pyro- el ectr ic  energy  meter. 

For  almost  every  dielectric  liner  used,  the  fundamental 
output  frequency  is  near  the  frequency  at  which  the  TM01  mode  is 
synchronous  with  the  beam.  Figures  la,  1b,  and  1c  show  the 
frequencies  obtained  in  12.5  mm  diameter  waveguide.  A  large 
systematic  offset  is  noted  for  the  case  of  the  3  mm  quartz  liner. 
A  surface  charge  build-up  on  the  quartz  is  suspected  of 
decelerating  the  beam  to  velocities  synchronous  with  the  observed 
output.  The  problem  nearly  disappears  for  2  mm  quartz.  The 
longitudinal  electric  field  associated  with  the  1  mm  liner 
geometry  is  too  weak  to  give  good  coupling  for  the  beam  energy 
employed.  At  the  higher  voltages  and  currents  which  are 
necessary,  the  beam  generator’s  performance  is  less  consistent. 
Thus  the  probability  of  recording  a  noise- free  inter ferogr am  , 
requiring  approximately  1000  shots,  is  low. 

The  general  behavior  of  the  power  as  a  function  of  beam 
current  for  the  2  mm  quartz  liner  is  shown  in  Figure  2.  In  a 
separate,  absolute  measurement  with  the  same  liner  geometry,  a  12 
A,  115  keV  beam  generated  30  kW  of  radiation  at  50  Ghz.  The 
power  is  consistent  with  the  power  which  would  be  produced  by  a 
strongly  bunched  beam  (  n=  n^ex  p{ - i (  wt-k z)  } )  . **  Powers  up  to  100  kW 
were  obtained  at  lower  frequencies  for  3  mm  thick  boron  nitride 
in  the  12.5  mm  diameter  waveguide.  Power  is  often  sufficient  to 
cause  atmospheric  breakdown  in  X-band  waveguide. 


The  range  of  frequencies  obtainable  on  a  single  mode  has 
reached  nearly  an  octave.  In  some  of  the  12.5  mm  diameter 
waveguide  experiments  and  in  a  9.5  mm  waveguide  experiment,  it 
has  been  possible  to  suppress  the  TM01  mode  and  observe  coupling 
to  the  TM02  mode.  (Fig.  1c, d)  Frequencies  between  100  and  120  GHz 
have  been  attained.  The  power  appears  to  be  less  than  that 
obtainable  on  the  TM01  mode,  but  still  significant.  Output  of 
still  lower  apparent  power  has  been  observed  through  a  200  GHz 
filter  with  the  2  mm  quartz  liner  12.5  mm  waveguide.  All  the 
shorter  wavelength  power  measurements  are  made  with  1 N 5 3  diodes 
in  a  Ka  band  mount.  This  system  is  difficult  to  calibrate  when 
it  is  far  out  of  band.  The  voltage  response  generated  at  these 
short  wavelengths  would  have  corresponded  to  one-tenth  to  one- 
quarter  of  the  power  measured  in  the  8  mm  region,  if  the 
wavelengths  had  been  in  the  design  band  of  the  mount.  Hence,  at 
the  shorter  wavelengths  the  output  power  would,  at  a  minimum,  be 
V  in  the  one  kW  range. 

The  Cerenkov  interaction  is  not  continuously  tunable  within 
a  given  band  in  the  present  experiment.  Signals  which  undergo 
longitudinal  reflections  and  make  many  passes  through  the  liner 
section  of  the  waveguide  without  suffering  destructive  inter¬ 
ference  reach  large  amplitude,  as  in  a  conventional  laser.  Thus 
discrete  cavity  modes  are  observed  rather  than  a  continuous 
waveguide  spectrum. 

Assume  that  output  is  generated  when  the  beam  is  at  its  peak 
energy,  as  in  Figure  3a.  A  small  increase  in  the  peak  energy 
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which  is  insufficient  to  reach  synchronism  with  the  adjacent 
longitudinal  mode,  often  leads  to  output  on  the  original  mode. 
However  the  output  is  now  generated  when  the  beam  energy  is  at 
its  original  peak  value,  earlier  or  later  in  the  pulse  than  the 
new  peak,  or  both  earlier  and  later.  (Figures  3b, 3c,  and  3d) 

If  the  effective  reflectivity  at  either  end  of  the  liner 
section  is  reduced,  a  higher  beam  voltage  threshold  is  observed. 
As  shown  in  Fig.  4a  a  copper  liner  with  transverse  dimensions 
identical  to  the  dielectric  liner  is  positioned  to  act  as  an 
upstream  mirror.  A  lower  reflectivity  downstream  is  provided  by 
a  normal  dielectric-vacuum  interface.  The  net  reflectivity  is 
reduced  by  removing  the  copper  liner  or  by  tapering  the 
downstream  inner  diameter  of  the  dielectric  liner  outward.  The 
data  in  Fig.  4b  indicate  the  increased  threshold  due  to  tapering. 
A  very  large  current  increase  could  probably  substitute  for  the 
voltage  increase.  However,  such  a  current  is  not  available  from 
our  present  device. 

In  summary,  Cerenkov  devices  are  a  potentially  useful  member 

of  the  family  of  millimeter  wave  sources.  Peak  output  power  at 

longer  wavelengths  is  comparable  to  that  of  other  sources,  such 
5-7 

as  gyrotrons,  and  the  peak  efficiency  (1-10%)  is  what  would  be 
expected  for  a  non-optimized  traveling  wave  device.  It  also 
performs  well  in  the  regime  where  the  wavelength  is  less  than  the 
transverse  dimension  of  the  guide.  Thus,  it  also  shows  promise 
as  a  lower  mm  and  sub-mm  source. 

Support  by  AFOSR  contract  77-3410D  is  acknowledged. 
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Figure  Captions 


Fig.  1.  (a)  The  frequency  of  a  coupling  mode  is  plotted  vs.  the 
synchronous  beam  voltage  to  give  a  "tuning  curve”.  The  frequency 
measurements  made  with  quartz  liners  of  one,  two,  and  three  mm 
thicknesses  are  displayed  along  with  the  TMq^  tuning  curves  for 
those  liners.  The  guide  diameter,  2b,  is  12.5  mm.  ( b)  Data  and 
TMq1  tuning  curves  for  two  and  three  mm  thick  boron  nitride 
liners  in  12.5  mm  guide.  (c)  and  TMq^  tuning  curves  and 

data  for  a  three  mm  stycast  liner  in  12.5  mm  guide.  (d)  TMq1 
and  TMq2  tuning  curves  and  data  for  a  1.5  mm  boron  nitride  liner 
in  9.5  mm  guide. 

Fig.  2.  Saturating  power  and  measurements  (+)  for  two  mm  boron 
nitride  with  a  150  keV  beam.  The  saturating  power  is  evaluated 
assuming  a  six  mm  beam  diameter. 

Fig.  3.  The  microwave  output  (bottom  trace)  occurs  when  the  beam 
velocity  (top  trace  indicates  voltage)  is  synchronous  with  one  of 
the  axial  modes  of  the  resonating  cavity,  not  necessarily  at  the 
peak  beam  voltage.  (One  microsecond  per  division.) 

Fig.  4.  (a)  The  cavity  formed  by  the  metal-dielectric  and  vacuum- 
dielectric  interfaces  at  the  ends  of  the  liner  section  has  a 
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sufficient  Q  for  oscillation,  given  the  high  gain  of  the  Cerenkov 
maser.  (b)  The  threshold  for  oscillation  rises  for  a  cavity  with 
lower  Q.  The  lower  Q  is  obtained  with  a  short  taper  at  the 
downstream  end  of  the  liner  to  reduce  the  reflected  signal. 
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